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INTRODUCTION

Topoisomerases catalyse the breakage of DNA phosphodi-
ester bonds and then rejoin them, mediating changes in
DNA topological status. Topoisomerase I transiently
cleaves and then rejoins a single DNA chain while topoiso-
merase II does so with both chains and requires ATP for its
activity. These enzymes are involved in DNA replication,
transcription and recombination as well as in chromosome
condensation and decondensation.1–6 The topoisomerases
of several kinestoplastid protozoa have been purified and
cloned, including those of Trypanosoma cruzi (the agent of
Chagas’ disease, American trypanosomiasis) and Crithidia
fasciculata.7–10 Trypanosomes differ from mammalian cells

in many aspects and are characterized by a considerable
amount of mitochondrial DNA called kinetoplast DNA
(kDNA), which is a network consisting of thousands of
intercatenated circular DNAs known as maxicircles and
minicircles. Network replication requires topoisomerase
activity.11,12 Parasite topoisomerases have been the focus of
many investigations due to their intrinsic interest and
because of their role as potential targets for antiparasite
drugs.12–14

Transition group metals including Fe and Cu play a
major role in the oxidation and denaturation of proteins,
both properties attributed to their capacity to form ‘reac-
tive oxygen species’ (ROS).15–19 Such reactive species
would be closely involved with the action of certain
drugs on T. cruzi (such as nitrofurans),20 given the weak-
ness of parasite antioxidant defenses.21,22

To obtain information on the response of T. cruzi
topoisomerase I activity to ROS, we studied the action of
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Fenton systems (H
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O
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/Fe(II) or H
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O
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/Cu(II)) inhibited Trypanosoma cruzi and Crithidia fasciculata

topoisomerase I activity. About 61–71% inactivation was produced by 25 mM Fe(II) or Cu(II) with 3.0 mM
H

2
O

2
. Thiol compounds and free radical scavengers prevented Fenton system effects, depending on the

topoisomerase assayed. With the T. cruzi enzyme, reduced glutathione (GSH), dithiothreitol (DTT),
cysteine and N-acetyl-L-cysteine (NAC) entirely prevented the effect of the H

2
O

2
/Fe(II) system; mannitol

protected 37%, whereas histidine and ethanol were ineffective. With C. fasciculata topoisomerase, GSH,
DTT and NAC protected 100%, cysteine, histidine and mannitol protected 28%, 34% and 48%,
respectively, whereas ethanol was ineffective. With the H

2
O

2
/Cu(II) system and T. cruzi topoisomerase,

DTT and histidine protected 100% and 60%, respectively, but the other assayed protectors were less
effective. Similar results were obtained with the C. fasciculata enzyme. Topoisomerase inactivation by the
H
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2
/Fe(II) or H

2
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2
/Cu(II) systems proved to be irreversible since it was not reversed by the more effective

enzyme protectors. It is suggested that topoisomerases could act either as targets of ‘reactive oxygen
species’ (ROS) generated by Fenton systems or bind the corresponding metal ions, whose redox cycling
would generate reactive oxygen species in situ.
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Fenton systems (H
2
O

2
/Fe(II) or H

2
O

2
/Cu(II)) on the

activity of this enzyme. Complementary experiments
were carried out with the topoisomerase of C. fascicu-
lata, which may be successfully used to support try-
panosomatid studies, because of its relatively fast
growth rate and lack of pathogenicity.23 Results achieved
show that the unwinding activity of topoisomerases pre-
sent in both T. cruzi and C. fasciculata was sensitive to
ROS.

MATERIALS AND METHODS

Materials

Phenylmethylsulphonyl fluoride, DTT, cysteine, GSH,
NAC, Trizma Base, mannitol, histidine, HEPES, EDTA,
BSA, NP-40 (Igepal CA-630) non-ionic detergent,
dimethyl sulphoxide, CuSO

4
.5H

2
O, jX 174 phage

DNA, ethidium bromide, and proteinase K were pur-
chased from Sigma Chemical Co. (St Louis, MO, USA).
H

2
O

2
was obtained from Merck (Darmstadt, Germany),

and sample concentration was determined spectrophoto-
metrically at 240 nm (e = 0.04 mM–1cm–1). FeSO

4
.7H

2
O

was purchased from ANALAR (UK). H
2
O

2
and FeSO

4

solutions were prepared immediately before use. Other
reagents were of analytical grade.

Organisms

C. fasciculata (ATCC 11745) was provided by Dr S.
Hutner from Haskins Laboratory, Pace University, New
York, USA. Cells were cultured in a medium containing
(g/l): NaCl (5.0); KCl (2.0); NaH

2
PO

4
(0.6); MgSO

4
(0.2);

sucrose (2.5); sodium ascorbate (0.2); MOPS (0.5); pow-
dered dried liver (5.0); pluripeptone (7.5); brain-heart
infusion (7.5); and hemin (0.02; dissolved in triethanol-
amine:H

2
O 1:1 [v/v]). Cells were cultured at 28°C for 48

h in a New Brunswick Gyratory Shaker model G-25 at 100
rpm. Cells were harvested by centrifugation at 750 g at
4°C. T. cruzi epimastigotes in their logarithmic growth
phase were kindly provided by Dr González Cappa of the
Microbiology Department at the School of Medicine,
University of Buenos Aires.

Cell-free extract preparations

Cell-free extracts for topoisomerase I assays were prepared
as follows. T. cruzi or C. fasciculata cells (~0.2 g wet
weight) were washed with 0.15 M NaCl and the cell sus-
pension centrifuged at 750 g. The pellet was resuspended
in 0.8 ml of lysis buffer (20 mM Tris-HCl pH 8.8, 50 mM
NaCl, 1 mM EDTA pH 8.0, 0.1 mM DTT, 5% [v/v] glyc-

erol, 10 mM NaHSO
3
, 1 mM phenylmethylsulphonyl

fluoride) and sonicated in a sonifier cell disruptor
(Model W 185, Heat System-Ultrasonic, Inc.) at 45 W
for 10 s. Extracts were kept in a 1:1 mixture of lysis
buffer and dilution buffer (40 mM HEPES pH 8.0, 0.2
mg/ml BSA, 0.5 mM EDTA pH 8.0, 40% [v/v] glycerol,
6% [w/v] polyethyleneglycol) at –20°C until used.

Topoisomerase I activity assay

Cell-free extracts were used to assay the unwinding of a
supercoiled plasmid jX 174 to its relaxed circular
form,24 as follows. Extracts were diluted in reaction
buffer (50 mM Tris-HCl pH 7.5, 120 mM KCl, 10 mM
MgCl

2
, 0.5 mM EDTA pH 8.0, 30 mg/ml BSA) and then

10 ml of each preparation, containing two enzyme units
approximately, were pre-incubated in reaction buffer for
12 min at 30°C with the drug systems indicated under
‘Results’ (final volume 20 ml). After adding 0.2 mg plas-
mid (RF I) (SC), the incubation mixture was left for 20
min at 30°C. The reaction was stopped by adding 5 ml of
5% (w/v) sodium dodecyl sulphate and 2 ml of 0.5 mg/ml
proteinase K solution. After 60 min at 37°C, 3 ml of stop
buffer (0.4% [w/v] bromophenol blue, 50% [v/v] glyc-
erol) were added. The supercoiled (RF I) and relaxed
plasmid (RF IV) (OC) topoisomers were separated by
electrophoresis in a 1% (w/v) agarose gel in TAE buffer
(40 mM Tris-HCl pH 7.6, 20 mM acetic acid, 1 mM
EDTA) for 2.5 h. Gels were then stained with 0.7 mg/ml
ethidium bromide for 30 min and destained for 30 min
with distilled water. DNA bands were visualised by UV
light in a transilluminator, quantitated by scanning and
analysed using the Gel-Pro Analyzer 3.1 (Media
Cybernetics) program.

Assay with Fenton systems

Cell-free extracts were pre-incubated for 12 min at 30°C
in 50 mM Tris-HCl pH 7.5, 120 mM KCl, 10 mM
MgCl

2
, 0.5 mM EDTA pH 8.0, 30 mg/ml BSA with 3

mM H
2
O

2
and 25 or 100 mM Fe(II) or Cu(II). Aliquots

were then taken and activity measured as described
above. Protectors were added prior to the Fenton system
as described in ‘Results’.

Expression of results

Enzyme activity is expressed by the percentage value of SC
plasmid converted into the OC form. Control unwinding
activity was taken as 100%. Percentage protective effect
of the antioxidants assayed, is represented by the equa-
tion: P (%) = 100 (FS – FSP)/FS), where P (%) represents
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the protective effect; FS, enzyme inactivation by the
Fenton system; and FSP, enzyme inactivation by the
Fenton system in the presence of the protector. All deter-
minations were carried out in at least duplicate samples.
Figures illustrate typical experiments.

RESULTS

Inhibition of Trypanosoma cruzi and Crithidia
fasciculata topoisomerase I activity by Fenton systems

Incubation of jX 174 plasmid supercoiled DNA with T.
cruzi or C. fasciculata cell-free extract, under conditions

as described in this study, demonstrated the presence of
topoisomerase I unwinding activity in the assayed extract.
This activity was inhibited by heating (100%), by 5 mM
NEM (70%), and in the presence of the trypanocide
Berenil (100 mM), reaching 78% and 82% for T. cruzi and
C. fasciculata enzymes, respectively. These latter results
agree with those documented by Riou et al. for T. cruzi.12

Camptothecine, a well-known inhibitor of mammalian
topoisomerase I,13,25 inhibited the T. cruzi enzyme in vitro
(data not shown), in close agreement with its effect on
intact parasites.13

When an extract from T. cruzi was pre-incubated with
H

2
O

2
plus a metal cation system (Fe[II] or Cu[II]), the

relaxing activity diminished significantly (Fig. 1A,B).
Inhibition was dependent on the concentration of the metal
used, as illustrated by comparison of lanes 6 and 7 in Figure
1A for the H

2
O

2
/Fe(II) system (100 mM or 25 mM), respec-

tively, and of lanes 2 and 3 in Figure 1B for the H
2
O

2
/Cu(II)

system (100 mM or 25 mM), respectively. H
2
O

2
or Fe(II)

alone failed to affect enzyme activity as depicted in Figure
1A, lanes 3–5, thus confirming the role of the Fenton reac-
tion in topoisomerase inactivation. Similar results were
obtained with C. fasciculata extracts (data not shown). For
subsequent Fenton systems assays, the lower metal concen-
tration (25 mM) was used.

Effect of thiol compounds and scavengers against
Fenton systems

Figure 2A,B allows comparison of the effects of several
free radical scavengers on the inhibition of T. cruzi topoiso-
merase I activity by the H

2
O

2
/Fe(II) system. GSH, DTT,

cysteine or NAC (1 mM) completely prevented the inacti-
vation induced by this system, whereas histidine failed to
do so (Fig. 2A). None of the assayed compounds had any
effect on DNA unwinding activity in the absence of the
Fenton system (Fig. 2A). DTT was assayed at different
concentrations with the H

2
O

2
/Fe(II) system and showed its

protective effect starting from 0.5 mM DTT (Table 1).
Inhibition of the unwinding activity by the H

2
O

2
/Fe(II) (or

Cu[II]) system proved to be irreversible, since incubation
with 1 mM GSH, DTT, cysteine or NAC after pre-incuba-
tion with such systems, failed to re-activate topoisomerase
activity either in T. cruzi or in C. fasciculata extracts (data
not shown), despite the protective effect exerted by the
same antioxidants. Figure 2B shows that 200 mM mannitol
protected T. cruzi topoisomerase against the deleterious
effect of the H

2
O

2
/Fe(II) system by 37%, whereas ethanol

was ineffective (Fig. 2B and Table 1). Benzoate, a well-
known scavenger of free radicals,15,26 exerted a direct
inhibitory effect (100%) on topoisomerase activity (Fig.
2B) and, therefore, it could not be used as topoisomerase I
protector. Neither ethanol nor mannitol had any effect on
topoisomerase activity in the absence of the Fenton system
(Fig. 2B).

Inactivation of T. cruzi and C. fasciculata topoisomerase I by Fenton systems 359

Fig. 1. Effect of Fenton systems on T. cruzi topoisomerase I activity. The
reaction mixture contained 50 mM Tris-HCl pH 7.5, 100 mM KCl, 10 mM
MgCl2, 0.5 mM EDTA, 30 mg/ml BSA and the compounds as stated above.
The order of addition of reagents to the reaction mixture containing 10 ml
of T. cruzi cell-free extract (0.2 mg protein/ml) was as follows: (i) the
Fenton system; (ii) after 12 min pre-incubation, the reaction was started by
adding 0.2 mg of the plasmid jX 174. SC, supercoiled circular form DNA
(RF I); OC, relaxed circular form DNA (RF IV). (A): T. cruzi cell-free
extract in the presence of the H2O2/Fe(II) system. Lane 1, control DNA jX
174; lane 2, topoisomerase control activity; lane 3, 3 mM H2O2; lane 4,
100 mM Fe(II); lane 5, 25 mM Fe(II); lane 6, H

2
O

2
+ 100 mM Fe(II); lane 7,

H2O2 + 25 mM Fe(II). A typical experiment is shown from at least three
independent determinations. (B) T. cruzi cell-free extract in the presence of
the H

2
O

2
/Cu(II) system. Lane 1, topoisomerase control activity; lane 2,

H2O2 + 100 mM Cu(II); lane 3, H2O2 + 25 mM Cu(II). A typical experiment
is shown from at least three independent determinations.

B

A



With C. fasciculata and the H
2
O

2
/Fe(II) system,

results were as follows: GSH, DTT and NAC (1 mM)
totally protected the unwinding activity; mannitol (200
mM), histidine and cysteine (1 mM) protected the
enzyme 48%, 34% and 28%, respectively, whereas
ethanol (4 mM) failed to protect (Table 2).

When in the Fenton system Fe(II) was replaced by
Cu(II), inhibition was 62% and 61%, respectively, for T.
cruzi and C. fasciculata topoisomerase I (Tables 1 and 2
and Fig. 1). DTT and histidine (1 mM), efficiently pre-
vented the loss of T. cruzi topoisomerase activity (100%
and 60%, respectively; Fig. 3 and Table 1). GSH, NAC,
cysteine (1 mM), ethanol (4 mM) and mannitol (200 mM)
failed to protect enzyme activity against topoisomerase
Fenton system inactivation (Fig. 3 and Table 1). Similar
results were obtained with C. fasciculata enzyme (Table 2).
However, ethanol and mannitol prevented the effect of
H

2
O

2
/Cu(II) to a limited degree (46% and 54%, respec-

tively; Table 2).
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A

B

Fig. 2. Effect of thiols and scavengers on the inactivation of T. cruzi
topoisomerase I activity by the H2O2/Fe(II) system. Experimental
conditions were as described in the caption to Figure 1 and Materials and
Methods. The order of addition of reagents to the reaction mixture
containing 10 ml of T. cruzi cell-free extract (4.5 mg protein/ml) was as
follows: (i) the protector; (ii) the Fenton system (3 mM H2O2/25 mM
Fe(II)), 3) after 12 min incubation the reaction was started by adding the
plasmid. (A) Plasmid, control DNA jX 174; Control, topoisomerase
control activity; GSH, DTT, cysteine, NAC or histidine (1 mM) effect on
topoisomerase activity in the presence (+SF) or absence (–SF) of Fenton
system. A typical experiment from at least three independent
determinations. (B) Plasmid, control DNA jX 174; Control,
topoisomerase control activity; ethanol (4 mM), mannitol (200 mM) or
benzoate (200 mM) effect on topoisomerase activity in the presence (+SF)
or absence (–SF) of Fenton system. A typical experiment from at least
three independent determinations.

Table 1. Effect of thiols and scavengers on T. cruzi
topoisomerase I inactivation by Fenton systems

Addition Topoisomerase I inactivation (%)
H

2
O

2
+ Fe(II) H

2
O

2
+ Cu(II)

None 71 (0) 62
GSH (1 mM) 0 (100) 64 (0)
Cysteine (1 mM) 0 (100) 56 (10)
NAC (1 mM) 0 (100) 76 (0)
Histidine (1 mM) 75 (0) 25 (60)
DTT (0.05 mM) 77 (0) –
DTT (0.1 mM) 74 (0) –
DTT (0.5 mM) 45 (37) –
DTT (1 mM) 0 (100) 0 (100)
Ethanol (4 mM) 80 (0) 54 (13)
Mannitol (200 mM) 45 (37) 66 (0)

Experimental conditions were as described in the captions
to Figures 1–3 and in Materials and Methods. Control
unwinding activity was taken as 100%. In parenthesis,
thiol or scavenger protective effect (%):P(%).

Table 2. Effect of thiols and scavengers on C. fasciculata
topoisomerase I inactivation by Fenton systems.

Addition Topoisomerase I inactivation (%)
H2O2 + Fe(II) H2O2 + Cu(II)

None 65 61
GSH (1 mM) 0 (100) 61 (0)
Cysteine (1 mM) 47 (28) 54 (11)
NAC (1 mM) 0 (100) 53 (13)
Histidine (1 mM) 43 (34) 0 (100)
DTT (1 mM) 0 (100) 0 (100)
Ethanol (4 mM) 66 (0) 33 (46)
Mannitol (200 mM) 34 (48) 28 (54)

Experimental conditions were as described in the captions
to Figures 2 and 3, except for C. fasciculata cell-free
extract (0.15 mg protein/ml), and in Materials and
Methods. Control unwinding activity was taken as 100%.
In parenthesis, thiol or scavenger protective effect
(%):P(%).



DISCUSSION

Fenton chemistry is a prime example of damaging free-
radical reactions catalysed by transition metals. A mix-
ture of H

2
O

2
with a Fe(II) salt oxidises a broad spectrum

of organic molecules. The H
2
O

2
/Fe(II) system probably

involves several oxidising species, the best characterised
being the hydroxyl radical.

Fe(II) + H
2
O

2
® Intermediate complex(es) 

® Fe(III) + HO� + HO– Eq. 1

The chemical identity of the oxidising species additional
to HO� formed during Fenton chemistry is uncertain. Fe(II)
chelators may prevent the Fenton reaction by: (i) altering
the oxidation potential of iron; (ii) blocking available sites
on the iron to which the H

2
O

2
might attach; (iii) promoting

oxidation of Fe(II) to Fe(III); or (iv) scavenging HO�.
Hydroxyl radicals react quickly with a wide variety of
molecules.15 These reactions may involve hydrogen
abstractions, addition and electron transfer. Amino acids
such as arginine, cysteine, glutamic acid, histidine, pheny-
lalanine and tryptophan react with second order rate con-
stant in the range of 109–1010 M–1s–1, which means that the
probability of multiple sites of attack for topoisomerase I
by the assayed Fenton systems is very high. In this connec-
tion, it should be recalled that T. cruzi F

0
F

1
-ATPase and C.

fasciculata PARP are also inactivated by the H
2
O

2
/Fe(II)

system.27,28

Copper-induced oxidative damage by H
2
O

2
is also

generally attributed to the formation of the highly reac-
tive hydroxyl radical by a mechanism analogous to the
iron-catalysed Haber-Weiss cycle.15,17

Cu(II) + H
2
O

2
® Cu(I) + HO

2
� + H+ Eq. 2

2 HO
2

� ® 2 O
2

� + 2 H+ ® H
2
O

2
+ O

2
Eq. 3

Cu(II) + O
2

� ® Cu(I) + O
2

Eq. 4

Cu(I) + H
2
O

2
® Cu(II) + OH� + OH– Eq. 5

Evidence for the formation of the Cu(I) intermediate
from Cu(II) in the presence of H

2
O

2
was provided by

inhibiting DNA damage from this reaction with a Cu(I)-
specific chelator. However, the reaction between Cu(I)
and H

2
O

2
seems not to be a simple one-electron oxida-

tion of Cu(I) to Cu(II) with concomitant hydroxyl radi-
cal formation as represented in Equation 5. There are
many reports where addition of a hydroxyl radical scav-
enger had a less than expected or insignificant effect in
preventing oxidative damage in various systems.29

Treatment of T. cruzi and C. fasciculata extracts with
H

2
O

2
/Fe(II) or H

2
O

2
/Cu(II) systems decreased topoiso-

merase I unwinding activity, an inhibition that proved to
be irreversible. Metals were effective only in the pres-
ence of H

2
O

2
, thus demonstrating the role of ROS pro-

duced by the Fenton reaction as inactivating agents (Fig.
1). To confirm the role of the metal in such enzyme inac-
tivation, several compounds with complexing capacity
were used. The effects described herein depended on the
metal used and on the origin of the enzyme. DTT was a
strong protector of topoisomerase I unwinding activity
against the oxidising effect of either Fenton system (Figs
2 and 3; Tables 1 and 2). Concentrations required to
achieve the protective effect were similar to those used
for the mammalian lipoamide dehydrogenase enzyme;
however, inactivation due to such Fenton systems could
not be reversed, as described for lipoamide dehydroge-
nase and H

2
O

2
/Fe(II).26 The irreversibility of inactivation

by thiols as DTT suggests that, besides –SH, other
amino acid residues (histidyl, prolyl and tyrosyl) could
be affected by ROS generated by the Fenton system, as
described for other proteins.17,26,30–34 Both in T. cruzi and
in C. fasciculata, GSH protected topoisomerase activity
against the H

2
O

2
/Fe(II) system, as reported for lipoamide

dehydrogenase after a –SH/Fe(II) molar ratio of about
1:1, which led to complete protection of the latter
enzyme. The antioxidant action of 1 mM GSH would
result from GSH oxidation by the OH� radical.35

The H
2
O

2
/Cu(II) system differed somewhat from the

H
2
O

2
/Fe(II) system (Tables 1 and 2). Besides DTT, com-

pounds such as GSH, cysteine and NAC effectively pro-
tected both T. cruzi and C. fasciculata topoisomerases
against the H

2
O

2
/Fe(II) system, whereas with the

Inactivation of T. cruzi and C. fasciculata topoisomerase I by Fenton systems 361

Fig. 3. Effect of thiols and scavengers on the inactivation of T. cruzi
topoisomerase I activity by the H2O2/Cu(II) system. Experimental
conditions were as in the captions to Figures 1 and 2. The order of addition
of reagents to the reaction mixture containing 10 ml of T. cruzi cell-free
extract (4.5 mg protein/ml) was as follows: (i) the protector; (ii) the Fenton
system (3 mM H2O2/25 mM Cu(II); (iii) after 12 min incubation, the
reaction was started by adding the plasmid. Plasmid, control DNA jX
174; Control, topoisomerase control activity; GSH, DTT, cysteine, NAC,
histidine (1 mM), ethanol (4 mM) or mannitol (200 mM) effect on
topoisomerase activity in the presence (+SF) of Fenton system. A typical
experiment from at least three independent determinations.



H
2
O

2
/Cu(II) system only DTT and histidine were effec-

tive (Fig. 3; Tables 1 and 2). The effect of histidine
seems attributable to a decrease in metal concentration,
since in the presence of Cu(II) histidine forms a com-
plex. Thus, OH� radicals generated by the redox cycle of
the metal are taken up and inactivated by histidine itself,
which is destroyed, so that they cannot react with essen-
tial amino acid residues.36,37 The H

2
O

2
/Cu(II) system

yielded OH� radicals, though the kinetics differed from
that of H

2
O

2
/Fe(II). Accordingly, a combination of OH�

and other ROS, possibly O
2

� and/or singlet oxygen,
would explain the dissimilar action of scavengers on
topoisomerase inactivation, as compared with that of the
H

2
O

2
/Fe(II) system. Likewise, evidence for the forma-

tion of Cu(III) intermediates during the reaction of Cu(I)
with H

2
O

2
has been reported from kinetic data38,39 and is

in agreement with the observation that oxidative damage
from copper is not easily quenched by hydroxyl radical
scavengers. Results with mannitol and ethanol support
the hypothesis that oxyradicals generated by Fenton sys-
tems act at a short distance from their formation site.
They would mainly arise on the surface of the enzyme,
rather than in the aqueous phase where they may be
taken up by scavengers. Therefore, the generation of
‘site-specific’ radicals would facilitate their action on
the enzyme.31,40–42 While it is possible to explain the lat-
ter results solely by a ‘site-specific’ mechanism,
whereby hydroxyl radicals react immediately upon for-
mation close to their site of generation, formation of
Cu(III) or metal-bound oxygen intermediates as the oxi-
dising species has been described.38,39 Highly oxidising
Fe(IV) intermediates have also been proposed in reac-
tions between Fe(II) or Fe(II) complexes and H

2
O

2
.15

These higher oxidation state metal intermediates can
oxidise organic reagents such as alcohols commonly
used for scavenging hydroxyl radicals.29,40

Site-specificity of metal-mediated protein damage
depends on the co-ordination of transition metal ions by
proteins and peptides predominantly through the sul-
phydryl, imidazole, and the deprotonated peptide bond
and side chain nitrogens, followed by generation of
metal-associated oxidising species at these particular
sites. Therefore, tryptophan, tyrosine, phenylalanine and
methionine, which are also sensitive to oxygen radicals
generated by ionising radiation, but fail to bind to metal
cations under physiological conditions, are less likely to
be targeted by metal-catalysed oxidation, depending on
the specific folding of the protein molecule.41 Metal ion-
catalysed oxidation of amino acids is most likely a
‘caged’ process, and ‘site-specific’ generation of OH� is
very difficult to protect against by adding most OH�

scavengers, since they cannot be present at the site of
metal ion binding at concentrations sufficient to protect
the target, to which the metal ion is bound, against
immediate attack by OH�.

Owing to dissimilar affinities of various metal cations
for various side-chain donors in proteins and diverse co-
ordination modes of resulting complexes, damage extent
and scavenger behaviour may strongly depend on the
metal. The co-ordination mode would also be the likely
cause of a difference in redox activity between the two
complexes.33

Although it is quite probable, it remains uncertain
whether the hydroxyl radical is the sole species responsi-
ble for the oxidation of the protein. An alternative expla-
nation would be that other reactive oxygen species
promoted through the linkage of transition metals to the
protein, such as the perferryl, ferryl ion or singlet oxy-
gen which attacks side chains of amino acid residues at
the metal-binding site, would behave as active interme-
diates in the loss of enzymatic activity.40,43

CONCLUSIONS

These observations demonstrate that both T. cruzi and C.
fasciculata topoisomerase I may constitute a suitable tar-
get for free-radical generating systems. More relevantly,
with the former parasite it may contribute to chemother-
apy for Chagas’ disease. The inactivation of topoiso-
merase I from T. cruzi and C. fasciculata by Fe(II) and
Cu(II) Fenton systems suggests that the molecular struc-
ture of the protein could act either as a target for oxyrad-
icals or else to link metals as Cu(II) or Fe(II), facilitating
the generation of ‘site-specific’ radicals, both mecha-
nisms leading to the inactivation of enzyme activity.
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