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The ability of I-[N-Ethoxycarbonylmethylpridoxylidenium]-2-[2'-pyridyl]hydrazine bromide code name - 
[L2-9 = L+,X-I-FE(I1) chelate {L2-9-Fe(II)} to induce breaks both in the 43kb linear double-strand I 
phage DNA, and in the 4363 base pair supercoiled pBR322 plasmid DNA is herein described. Neither the 
free ligand nor FE(I1) alone demonstrated any effect on the DNA. The cleaving ability is shown to occur 
instantaneously under strictly anaerobic conditions, either in the presence or absence of the enzyme 
catalase. It is also shown to be dose dependent. Thus, at 1 DNA:L2-9-Fe(II) molar ratio of 3.7A.0, the 
linear DNA is randomly cleaved into fragments ranging from 23.lkb to 4.3kb, whereas at approximately 
1:l molar ratio, the range extends down to 2.5kb fragments. By contrast, at 1:2.7 [plasmid DNA]: 
chelate-Fe(I1) molar ratio, a single-strand nick was observed, and a double strand break was noted at a 150 
ratio ([plasmid DNA] : chelate-Fe(I1). A multi-stage redox cycling involving a carbon-centered (L,X- )- 
Fe(II1) radical capable of transferring an electron to the DNA to form high unstable [DNA]: anion-radical 
is invoked to explain the degradation of the chain macromolecule. Possible modes for regeneration of the 
chelate-Fe(II1) radical both at the cell-free and at the cell levels are proposed. 

KEY WORDS: Iron chelates, free radicals, DNA breakage. 

INTRODUCTION 

The increase in drug resistant strains of the malarial parasite - P.  falciparum 
underscores an urgent need for the development of new chemotherapeutic strategies 
against malaria. Though immunopreventive and immunocurative strategies are still 
being experimented upon, the prospect for the development of an effective vaccine 
looks bleak.' Chemotherapy therefore remains the major weapon for reducing mala- 
ria morbidity and mortality. Elucidation of the mechanism of resistance and the mode 
of action of chemotherapeutic agents are important in the development of new 
chemotherapeutic strategies. 

Iron chelation may form the basis of a new class of antimalarials. Laboratory and 
field observations lend support to this pos~ibility.~-~ The binding of iron to redox 
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308 E.N. IHEANACHO E T A L .  

active sequestering agents may give rise to opposite biological effects, namely, either 
to the enhancement of an oxidative (free radical) damage,6 or inversely, to an inhibi- 
tion of such effect. Mechanistically, chelators can operate by several distinctly dif- 
ferent modes. One mode may involve mediation in transferring of the transition 
metal-ion to a cell receptor, invoking a damaging process to the latter. Another mode 
may involve modification of the electrochemical potential of the metal-ion and as a 
consequence to affect essential redox processes in the cell. Alternatively, the chelator 
may act as a catalyst for converting essential cell metabolites into harmful free 
radicals by promoting single electron transfer (SET) processes. 

Free radical attack on DNA has been shown to have a serious effect on living 
organisms by causing strand breaks in the DNA.’.* The tendency of the DNA 
macromolecule to function as an electron-transfer oxidant is well d o c ~ m e n t e d . ~ * ’ ~  
Cochrane et aZ.” have shown in studies with isolated DNA that hydrogen peroxide 
(H20z)  generates hydroxyl radicals (.OH), following Fenton reaction at the vicinity 
of the DNA and that the amount of the -OH formed correlates with the percentage 
of DNA strand breaks. 

By use of a representative of a new class of iron chelators based on pyridoxal- 
betaine - ( 1 -~-ethoxycarbonylmethyl-pyridoxylidenium]-2-[2’-pyridyl]hydraz~ne 
bromide) - (code named L2-9), we have developed a model for a new chemothera- 
peutic strategy against the chloroquine resistant malaria parasite - Plasmodium 
falciparum (FCRjTC). Previously, we have shown that the antimalarial action of the 
new chelator involves a carbon-centered free radical chelate (L2-9FE(II)+[L2-9]* - 
Fe(III)).” In the present study, we show that the free radicals generated by the 
chelator and Fez+ affects the DNA. Nick translation and electrophoresis of L2-9- 
FE(I1) complex treated DNA showed that the latter suffers both single and double 
strand fissions only by the chelator-iron complex and not by either the chelator, or 
the iron (Fez+) alone. 

MATERtALS AND METHODS 

Chemicals 
The iron chelator - L2-9I3 was synthesized by exposing pyridoxal pyridyl hy- 
d r a ~ o n e ’ ~  to the action of ethyl bromoacetate. Ferric and ferrous sulphates were 
obtained from Fisher Scientific Co. (Silver Spring, MD, USA); RPMI 1640 from 
GIBCO (Grand Island, NY, USA); HEPES from Sigma Chemical Co (St Louis, MO, 
USA); Nick translation System Kit from NEN research Products (Boston. MA, 
USA); Calf thymus (CT), Lambda (A) DNA, Plasmid (pBR322), catalase and mineral 
oil from Sigma Chemical Co. All other chemicals were of analytical grades. 

Chelator-iron (11) complex [L2-9-FE(II)] was prepared immediately before use by 
mixing ImM L2-9 with ImM FeSO, (v/v) to give a 500pM complex. This was diluted 
to the required working concentrations (0.5-40pM) with RPMI 1640 medium without 
plasma (washing solution). 

Nick translation. The method used as per the instructions in the manufacturer’s 
manual for Nick translation system [”PI. Briefly, the following components were 
added as follows: [N-~’P]~CTP - 5pl; Nick translation buffer - 5pl; cold deo- 
xynucleoside triphosphate mixture (-dCTP) 4pl; either L2-9-Fe(II) treated or untreat- 
ed CT DNA - 2pl (the final concentration in the reaction mixture was 0.5pg); 
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INDUCED DAMAGE TO DNA BY A PYRIDOXAL BASED IRON CHELATOR 309 ’ 

translation grade water - 7pl; DNA polymerase 1 (Pol 1, 0.6units/pl - 2pl. These 
gave a total reaction mixture of 254. This was incubated at 10°C for 2h. The reaction 
was terminated by the addition of 200p1 Nick translation stop buffer. The mixture was 
then passed through a sephadex G-50 column using a lml syringe. The effluent was 
collected and lop1 sample placed on a Whatman GFC filter paper and radioactivity 
counted. 

Gel electrophoresis (Neutral ge l ) .  DNA (0.5pg/jd) was incubated with 8pl 
of various concentrations (0.5pM-40pM) of freshly prepared L2-9-Fe(II) complex for 
2h. After the 2 h incubation period, 0.5pg of the treated DNA was run in an agarose 

. gel (0.8%) using 50mM Tris-Acetate-EDTA (TAE) pH 7.5 as the running buffer. The 
plasmid (pBR322) was treated likewise with the L2-9-FE(II) complex and run in 1 YO 
agarose gel in TAE buffer pH 7.5. The gel was run at 5Vcm-’ for 3h. 

To measure the time course of DNA cleavage by the chelate, 1p1 of plasmid pBR322 
(0.5pglA) was incubated with 5p1 of 40pM freshly prepared L2-9-Fe(II) complex for 
various lengths of time (0-60 minutes). The reaction was stopped by the addition of 
2pl loading buffer containing ImM EDTA. To mimic the effect of an anoxic con- 
dition, a thin layer of mineral oil (heavy white oil) was placed over one of the reaction 
mixtures and incubated for 60 minutes. To test if hydroxyl radicals ( -OH) was 
involved in L2-9 induced radical damage, catalase (60pg) was added to one of the 
reaction mixtures and incubated for 60 minutes. The mixtures were run in 0.8% 
agarose gel in TAE buffer pH7.5 at 1.5Vcm-’ for 14hours (overnight) at room 
temperature. 

2p1 of 

RESULTS 

Using the nick translation method of Kelly et al. (1970),” the ability of L2-9-Fe(II) 
complex to induce nicks in DNA was tested. The result (Table) showed that L2-9- 
Fe(I1) complex induced nicks in DNA. CT DNA treated with L2-9-FE(II) complex 
incorporated [32P]dCTP 3 times as much as the untreated one. CT DNA treated with 
DNase 1 incorporated [32P]dCTP only twice as much as the L2-9-Fe(II) teated one. 
L2-9-Fe(II) could therefore be said to have introduced nicks or breaks in the DNA 
half as effectively as the DNase I .  

TABLE I 
Incorporation of [J’P]dCTP into L2-9-Fe(II) treated CT DNA 

CT DNA treated with: Counts 

RPMI medium 136492 k 15121 
(without chelate) 
L2-9-FE(II) in 
RPMI medium 

322504 k 31754 

DNase 1 619230 k 60332 

Counts are expressed as mean f SDt of triplicate determinations. CT DNA was suspended in either 
40pM L2-9-Fe(II) in RPMI medium or RPMI medium alone for 3h and thereafter used for the nick 
translation reaction. 

’Standard Deviation. 
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FIGURE 1 Gel electrophoretic pattern of I phage DNA treated with L2-9-Fe(II) complex. 1 phage DNA 
was suspended for 2h in RPMl medium (without plasma) containing various concentrations of L2-9-Fe(II). 
The treated DNA was then separated on a 0.8% agarose gel, stained with ethidium bromide and visualized 
under UV illumination. Lane a, DNA digested with HindllI, lane b, DNA in medium without L2-9-Fe(lI), 
lanes c-h, DNA in medium containing 40, 20, 10, 5, 1, and O.5pM L2-9-Fe(II) complex respectively. Lanes 
i, and J, DNA in medium containing 40pM L2-9, and Fe(I1) alone, respectively. The final amount of the 
DNA applied to each well was 0.5pg. 

The ability of the chelator-iron complex to induce nicks in DNA was also tested by 
gel electrophoretic analysis of both 1 phage and pBR322 plasmid DNA. Figure 1 
shows the gel electrophoretic pattern of I phage DNA treated with the chelator-Fe(I1) 
complex. The cutting ability of the complex is dose dependent. 40pM of the complex 
formed fragments ranging from 2.5kb to 23.1 kb. The 20 and 10pM complexes formed 
less number of fragments, while the 5 and IpM complexes formed only fragments of 
9.4 and 23.lkb (using 1 DNA cut with restriction endonuclease Hind111 as the 
marker). Introducing nicks in a supercoiled plasmid would result in either its relaxa- 
tion (for single strand nicks) or its linearization (for double strand nicks). When 
pBR322 plasmid was incubated with the complex for 2h, both single and double 
strand breakers were induced by 40, 20, and lOpM complexes; while the 5, 1 ,  and 
0.5pM complexes induced only single strand breaks (Figure 2). Neither L2-9 nor 
Fe(I1) alone had any effect on the DNA. 

The time course of DNA cleavage by the chelate was followed by incubating 0.5pg 
pBR322 with 40pM complex for times 0-60 minutes. The result (Figure3) showed 
that the DNA cleavage was rapid, occurring in less than 5 minutes. Oxygen was not 
necessary for the cleavage to occur, and catalase had no effect on it, indicating the 
non-participitation of hydroxyl radicals in the L2-9 induced radical damage. 
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FIGURE 2 Gel electrophoretic pattern of plasmid pBR322 treated with L2-9-Fe(I1) complex. Plasmid 
pBR322 was suspended for 2h in RPMl medium (without plasma) containing various concentrations of 
L2-9-Fe(II). It was separated on a 0.8% agarose gel, stained with ethidium bromide and visualized under 
UV illumination. Lane a, plasmid in medium without iron chelate, lanes b-g. plasmid in medium containing 
40.20. 10, 5 ,  1. and 0SpM L2-9-Fe(II) complex respectively. Lanes h. and i. plasmid in medium containing 
40pM of L2-9 and Fe(I1) alone respectively. The amount of DNA in each well was 0.5pg. 

DISCUSSION 

From Figures 1 and 2, it is evident that L2-9-Fe(II) [= (L+,X-)-Fe(II)] is able to 
induce breaks both in the high molecular 1 phage DNA (26.57 x 106mol. wt., from 
E.coZi strain C600), a 43000 base pair linear double strand DNA, and in a lower 
molecular pBR322 plasmid DNA (2.7 x lo6 mol. wt., from E.coli strain RPI), a 4363 
base pair supercoiled DNA. Neither the free ligand (L2-9) nor Fe(I1) alone exhibited 
any effect on the DNA. The cleaving ability of (L+,X-)-Fe(I1) is shown to be both 
instantaneous and dose-dependent. At molar ratio 3.7: 1.0 of 1 DNA : (L+,X-)- 
Fe(II), the macromolecule is randomly cut into fragments ranging from 23 100 to 4360 
base pairs, and at  aproximately 1 : 1 - molar ratio, the range extends down to 2500 
base pair fragments. 

In contrast to the observed chain breaking yield (DNA/Fe-chelate x 100) of 370% 
in 1 DNA, the yield of macromolecular scission in the supercoiled DNA plasmid is 
considerably lower (37-4%). Thus, at [pBR322 plasmid DNA] : [(L+,X- )-Fe(II)] 
molar ratio of 1 : 2.7, the supercoiled DNA undergoes a single strand nick leading to 
its relaxation, whereas at  1 : 50 molar ratio, a double-strand scission takes place giving 
rise to its linearization. From Figure 3 it can be seen that these DNA chain cuts occur 
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FIGURE 3 Gel electrophoretic pattern of plasmid pBR322 treated with 40pM L2-9-Fe(II) complex for 
times ranging from 0-60 minutes. 0.5pg of plasmid pBR322 was incubated with 5p1 of 40pM freshly 
prepared L2-9-Fe(II) complex for various lengths of time (0-60minutes). The reaction was stopped by the 
addition of 2pl loading buffer containing ImM EDTA. It was separated on a 0.8% agarose gel, stained with 
ethidium bromide and visualized under UV illumination. Lane a, untreated plasmid; lane b. untreated 
plasmid under anerobic condition; lane c. plasmid treated with 100pM L2-9 alone, lane d. treated wtih 
40pM chelate for 60 minutes; lane e, treated with 40pM chelate + 60pg catalase for 60 minutes; lane f, 
treated with 40pM chelate under anaerobic condition for 60 minutes; lanes g-k, treated with 40pM chelated 
and incubated for 30, 20, 10, 5, and 0 minutes respectively. The amount of DNA in each well was 0.5pg. 
The gel was run at 1.5Vcm-' for 14 hours (overnight) at room temperature. 

instantaneously under anaerobic conditions, and that they are unaffected by the 
presence of the enzyme catalase, implying the uninvolvement of reactive oxygen 
species (ROS) in the chain breakings. 

ESR study12 has shown that (L+ ,X- )-Fe(1I) exist as a transient carbon-centered 
free radical presumably of L-,X- )-Fe(II1) structure, and its X-ray crystal ana ly~ i s l~ . '~  
indicated that the ligand (L+,X-) utilizes all available hydrogen acceptors and donors 
for intra- and inter-molecular hydrogen contacts. On the basis of data now available, 
it is permissible to invoke a multi-stage process for the macromolecular chain de- 
gradation initiated by (i) binding (L+,X- )-Fe(I1) to DNA chain, followed by 
(ii) single-electron-transfers (SET) : (L+,X-)-Fe(I1) -+ (L-,X-)-Fe(II1) + DNA + 

(L+,X-)-Fe(II1) + [DNA) ', and (iii) degradation of the anion - radical [DNA] A 

into [base pair fragments] ', then finally by (iv) redox-cycling: [base pair frag- 
ment]; + (L', X-)-Fe(III) + DNA-fragments + (L*,X-)-Fe(III), to start all over 
again. The discrepancy in the chain breaking yields underlined above could be 
rationalized in terms of redox gradients, being higher for the linear [DNA]; than for 
the circular/relaxed [DNA] species. 
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Fragmentation 
products (L+,X-)  + Fe(I1) --+ (L+,X-)-Fe(1I) -, (L',X-)-Fe(III) 

i +reduced I metabolite 
Oxidized metabolites + (L+,X-)-Fe(I1) + (L+,X-)-Fe(III) + {DNA): 

The mechanistic scheme portrayed above could reasonably be invoked to explain the 
in vitro cytocidal effect of L2-9 on the drug resistant malarial parasite - Plasmodium 
fakiparum. It implies that the ligand sequesters first the endogenous cellular Fe2+ to 
form the respective Fe(I1)-complex, since pre-treatment of the parasite culture with a 
stronger iron chelator - desferrioxamine - obliterates the antimalarial properties of 
L2-9.2 

The (Lt,X- )-Fe(I1) complex is prone to an internal electron transfer to form the 
respective radical species capable of delivering an electron to the DNA after its 
binding to the macromolecule to yield an unstable [DNA]: which decomposes as 
soon as formed (see chart). It is of interest to compare the mode of action of 
(L. ,X- )-Fe(II1) with that of the iron chelate radical-cation Fe(II)-Dox+'?' originat- 
ing from sequestration of the anti-tumour antibiotic doxorubicin (DOX) (adriamy- 
cin) with Fe3+, following the sequence: Fe(II1)-Dox -, Fe(I1)-Dox' '. Whereas the 
former does not require molecular oxygen to damage DNA, the latter by contrast, 
does require O2 to produce ROS via the reaction: Fe(II)-Dox+. + O2 + Fe(II1)- 
Dox + 0; (ROS). The ligand in (L+,X-)-Fe(I1) functions apparently as an internal 
electron transfer oxidant, whereas DOX in Fe(II1)-Dox functions as an internal 
electron transfer reductant.2' The antimalarial action of dialuric/alloxan,22 d i ~ i c i n e , ~ ~  
and butyl hydropero~ide?~ seems also to involve ROS25*26 via redox cycling." In the 
latter, electrons appear to emerge from endogenous cellular reductants, AH2, which 
in combination with a redox metal (Cu/Fe) complex and oxygen can generate ROS 
via 3AH2 + 202 -+ 3A + 2H,O + 2.OH (net reaction). 

Antimalarial chelators based on redox-active pyridoxal-betaine seems to operate 
quite differently, following a hitherto unknown redox cycle: 

AH, + 2Fe(III)-(L+,X-) + A + 2Fe(III)-(L',X-) 
1 

[DNA]; + Fe(III)-(L+,X-) + DNA + Fe(II1)-(L+,X-) 
Conceptually, the ability of L2-9 to interact with and cut DNAs (A phage and 
plasmid) was reasonably extended to explain its antimalarial action in vitro. This 
offers an interesting venue to antimalarial drug design implicating intracellular gen- 
eration of harmful free radicals by iron-dependent inducers. The rapid spread of 
multi-drug resistant strains of the malarial parasites prompts the use of new models 
for drug design to provide more effective antimalarials operating by hitherto unk- 
nown mechanisms. It is highly likely that L2-9, or its analogues could demonstrate 
other antiparasitic and/or antitumor activity of potential therapeutic utility. 

F.R.-B 
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