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ABSTRACT
Reactivities of l-'r" chelates of aminopolycarboxylic acids with DNA

were investigated by the DNA-sequencing technique using 32P 5'-end-

labeled DNA fragments obtained from the human c-Ha-ras-1 protoon
cogene, and the reaction mechanism was studied by electron spin reso
nance spectroscopy. Ferric nitrilotriacetate (Fe3*-NTA) plus hydrogen

peroxide caused strong DNA cleavage in the presence of albumin. No or
little DNA cleavage was observed with ferric chloride or I-V" chelates of

other aminopolycarboxylic acids tested in the presence of hydrogen
peroxide. The DNA cleavage by Fe^-NTA plus hydrogen peroxide

without piperidine treatment occurred at positions of every nucleotide
although a specific cleavage was observed, whereas cleavages at the
positions of guanine and thymine increased predominantly with piperidine
treatment. Electron spin resonance studies using free radical traps dem
onstrated that of Fe3* chelates of aminopolycarboxylic acids, Fe3*-NTA
was the most effective catalyst in hydrogen peroxide-derived production
of hydroxyl radicals under our conditions. The results suggest that Fe3*-

NTA catalyzes the decomposition of hydrogen peroxide to produce
hydroxyl radicals, which subsequently cause the strong base alterations
of guanine and thymine, and deoxyribose-phosphate backbone breakages.
The possibility that the Fe3*-NTA-induced DNA damage is the initiation
and/or promotion of carcinogenesis by l-'c'*-\ I Vis discussed.

INTRODUCTION
VIA' is a chelating agent for metals and a potential substitute

for phosphates in household detergents. NTA has been shown
to be a potent carcinogen and promoter (1-6). It has been
reported that long-term administration of NTA at high dose to
rats induced tumors of the urinary bladder and kidney (1-3).
Some papers also reported that NTA showed promoting effects
on renal tubular cell tumors and urinary bladder carcinogenesis
initiated by nitrosamine derivatives (4-6). Furthermore, Mi-
dorikawa et al. reported that renal cell carcinoma was observed
in Fe3+-NTA-treated rats, while no tumors were formed in
NTA- or Al3+-NTA-treated rats (7). Another iron complex, for

example, iron dextran, has also been shown to be carcinogenic
to mice and rats, producing local tumors at the injection sites
(8). Thus, it can be presumed that NTA, which itself has no
carcinogenicity, binds with Fe3+ to form the complex partici

pating in carcinogenesis.
The idea that damage to DNA is a critical event not only in

the initiation but also in the promotion phase of carcinogenesis
has been proposed (9-12). In the latter phase the role of free
oxygen radicals has been emphasized (13). We examined Fe3+-
NTA-induced DNA damage in the presence of hydrogen per-
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oxide by using 32P 5'-end-labeled DNA fragments of defined
sequence obtained from the human c-Ha-ros-l protooncogene,
comparing with the ferric complexes of other aminopolycar
boxylic acids. Since iron compounds administered are incor
porated in the various protein systems of the body, the experi
ments estimating DNA damage were performed in the presence
of albumin for a simple protein model. We also investigated
chemical basis for the different behavior of these iron chelates
with respect to radical production by using ESR spin-trapping
techniques. Fe3+-NTA plus hydrogen peroxide was shown to

cause strong DNA damage and to produce hydroxyl radicals to
the most extent among Fe3+ chelates of aminopolycarboxylic

acids.

MATERIALS AND METHODS

Materials. Restriction enzymes (/Arili. Aval, Xbal, and l'si\) and I j

polynucleotide kinase were purchased from Toyobo Co., Osaka, Japan.
Calf intestine phosphatase was obtained from Boehringer Manheim,
GmbH. [7-32P]ATP (>7000 Ci/mmol) was supplied by New England
Nuclear. NTA, EDTA, EGTA, HEDTA, CDTA, DTPA, sodium ben-
zoate, sodium formate, r-butanol, and ethanol were purchased from
Nakarai Chemicals Co., Kyoto, Japan. A solution of 30% hydrogen
peroxide was obtained from Santoku Chemical Industries Co., Miyagi,
Japan. Agarose was purchased from Takara Shuzo Co., Kyoto, Japan.
DMPO, and dimethyl sulfate were purchased from Aldrich Chemical
Co. Acrylamide, bisacrylamide, and piperidine were obtained from
Wako Chemicals Co., Osaka, Japan. Hydrazine was obtained from
Eastman Organic Chemicals. SOD (3100 units/mg from bovine blood),
mi-iliional. and albumin were obtained from Sigma.

Preparation of 32PS'-End-Labeled DNA Fragments. DNA fragments

were prepared from plasmid pbcNI purchased from American Type
Culture Collection, which carries a 6.6-kilobase BamHl chromosomal
DNA segment containing the human c-Ha-ros-1 protooncogene (14,
15). The plasmid was digested with H\tl'.U and .Irai, and the resulting

DNA fragments were fractionated by electrophoresis on 1 or 2%
agarose gels. A 32P 5'-end-labeled 351-base pair Aval fragment
(^vfll*1294-/ii'ul*1644) from a 1.5-kilobase BstEll fragment of pbcNI

was obtained by dephosphorylating with calf intestine phosphatase and
rephosphorylating with [7-32P]ATP and T4 polynucleotide kinase. Sin
gly labeled 341-base pair (Xbal I906-/ival*2246) and 261-base pair
fragments (Aval* 1645-Xbal 1905) were obtained by digesting the 32P
5'-end-labeled 602-base pair Aval fragment (/<val*1645-/lval*2246)
from the 1.5-kilobase BstEll fragment with Xbal. The singly labeled
98-base pair fragment (/4vaI*2247-Pi/I2344) was obtained by digesting
the 32P 5'-end-labeled 435-base pair Aval fragment (Aval'2247-
Aval*268l) with ft/I. The asterisk indicates that 32P labeling and

nucleotide numbering starts with the Mainili site (15).
Detection of DNA Damage Induced by I-c'+ Chelates. The standard

reaction mixture in a microtube (1.5-ml Eppendori) contained 20 p\\
FeCl3, 80 UM aminopolycarboxylic acid, 5 mM H2O2, and [32P]DNA

fragment (approximately 5000 cpm) in 200 p\ of 20 mM phosphate
buffer (pH 7.9) containing 3.5 MMalbumin. After the incubation for 60
min at 37"C, the DNA fragments were precipitated with cold ethanol
and dried in a vacuum desiccator, followed by heating at 90"C for 20

min in l M piperidine when necessary. The DNA fragments recovered
by the precipitation with cold ethanol were dissolved in 15 pi of 80%
formamide solution containing 10 mM NaOH, 1 mM EDTA, 0.025%
bromphenol blue, and xylene cyanol, and then electrophoresed in 8%
polyacrylamide 8 M urea gels in Tris-borate-EDTA buffer at pH 8.5.
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The autoradiograms were obtained by exposing X-ray film to the gels
at 4"C overnight. The preferred cleavage sites by Fe3*-NTA plus hydro

gen peroxide were determined by direct comparison of the positions of
the oligonucleotides with those produced by the chemical reactions of
the Maxam-Gilbert procedure (16). A laser densitometer (LKB 2222
UltroScan XL) was used for the measurement of the relative amounts
of oligonucleotides produced by the incubation of DNA fragments with
Fe3*-NTA plus hydrogen peroxide.

ESR Spectra Measurements. ESR spectra were measured at room
temperature using a JES-FE-3XG spectrometer with 100-KHz field
modulation according to the previously described method (17, 18).
Spectra were recorded with a microwave power of 4 mW and a modu
lation amplitude of 1.0 G. The magnetic fields were calculated by the
splitting of Mn2* in MgO (AH3_4= 86.9 G). DMPO was used as the
hydroxyl radical trapping reagent. The relative catalytic activity of Fe3+

chelates of aminopolycarboxylic acids for hydroxyl radical production
from hydrogen peroxide was expressed in terms of percentage of the
peak height of spectrum of hydroxyl radical adduct of DMPO (DMPO-
OH). 2,2,6,6-Tetramethyl-4-piperidone was used as a singlet oxygen-

trapping reagent (19).

1 23456789

RESULTS

Hydrogen Peroxide-dependent Damages of 32P-Labeled DNA
Fragments Induced by Fe3+Chelates in the Presence of Albumin.
The extent of DNA damage was estimated by gel electropho-
retic analysis. Fig. 1 shows the autoradiogram of double-
stranded DNA fragments treated with various Fe3+ chelates

plus hydrogen peroxide in the presence of albumin. Oligonucle
otides were clearly detected on the autoradiogram as a result of
Fe3+-NTA plus hydrogen peroxide-induced DNA cleavage even

without alkali treatment (Fig. 1, lane 4), suggesting the break
ages of deoxyribose-phosphate backbone by active species. The
amount of oligonucleotides increased with alkali treatment
(data not shown), suggesting that the base alterations were
induced by Fe3+-NTA plus hydrogen peroxide. No or little
cleavage was observed with ferric chloride, or Fe3+ chelates of

EDTA, EGTA, HEDTA, CDTA, and DTPA in the presence
of hydrogen peroxide when albumin was added (Fig. 1). While
10 UM Fe3+-NTA or 2.5 HIM H2O2 alone caused no DNA
damage, addition of more than 10 ^M Fe3+-NTA to 2.5 HIM

H2O2 caused an apparent damage of DNA. Ferric chloride
caused hydrogen peroxide-dependent DNA damage in the ab
sence of albumin, probably because free ferric ions bind with
DNA and catalyze hydroxyl radical production from hydrogen
peroxide (20), whereas in the presence of albumin they bind to
albumin and seem scarcely to participate in the DNA damage.

Effects of SOD and Hydroxyl Radical Scavengers on the DNA
Damage. SOD inhibited DNA cleavage by Fe3+-NTA plus hy

drogen peroxide, suggesting that Superoxide is involved in the
reaction of Fe3+-NTA with hydrogen peroxide (Fig. 2, lane 4).

Hydroxyl radical scavengers, methional, sodium formate,
ethanol, {-butano!, and sodium benzoate inhibited significantly
DNA cleavage by Fe3+-NTA plus hydrogen peroxide (Fig. 2).

These results suggest the participation of hydroxyl radicals in
Fe3+-NTA plus hydrogen peroxide-induced DNA damage.

Specificity of Cleavage of 32P5'-End-Labeled DNA Fragments
by Treatment with Fe3+-NTA plus Hydrogen Peroxide. To esti
mate the site specificity of DNA cleavage by Fe3+-NTA plus
hydrogen peroxide, 32P 5'-end-labeled DNA fragments treated
with Fe3+-NTA plus hydrogen peroxide were electrophoresed

and the autoradiogram was scanned with a laser densitometer
(Figs. 3 and 4). DNA cleavage sites by Fe3+-NTA plus hydrogen
peroxide were determined by utilizing the Maxam-Gilbert pro
cedure (16). Without pÂ¡peridiin- treatment, the DNA cleavage
by Fe3+-NTA plus hydrogen peroxide occurred at positions of

Fig. 1. Autoradiogram of the polyacrylamide gel used for separation of 32P-
labeled DNA fragments incubated with hydrogen peroxide and FeCb or Fe3*

chelates of aminopolycarboxylic acids in the presence of albumin. Reaction
mixture contained "P 5'-end-labeled 351-base pair Aval fragments (/lval'1294-
/<val*l644), 5 HIM H2O2, 20 JIM FeCI3. 80 <iMaminopolycarboxylic acids, and
3.5 Â»iMalbumin in 200 ni of 20 DIMsodium phosphate buffer at pH 7.9. Lane 1,
control; lane 2, H2O2; lane 3, Fe3* + H2O2; lane 4, Fe'*-NTA + H2O2; lane 5,
Fe3*-EDTA + H2O2; lane 6, Fe3*-EGTA + H2O2; lane 7. Fe3*-HEDTA + H2O2;
lane 8, Fe3*-CDTA + H2O2; lane 9, Fe3*-DTPA + H2O2. After the incubation
for 90 min at 37*C, the mixture was precipitated with cold ethanol. The DNA

fragments were electrophoresed on an 8% polyacrylamide/8 M urea gel and the
autoradiogram was obtained by exposing X-ray film to the gel.

every nucleotide with the exception of strong cleavages at
positions of central guanine in repeated 5'-GGT-3' sequence

(Fig. 3/1). With piperidine treatment, the cleavages at the
positions of guanine and thymine increased predominantly (Fig.
35 and Fig. 4). The cleavages at or near the 12th codon of c-
Ha-roi-1 protooncogene did not seem to occur so easily under
present conditions (Fig. 3Ã„).

Hydroxyl Radical Production from Hydrogen Peroxide in the
Presence of Fe3*Chelates of NTA or Other Aminopolycarboxylic

Acids. Spin trapping methods were used to detect free radicals
produced from hydrogen peroxide in the presence of Fe3+

chelates of aminopolycarboxylic acids. Fig. 5A shows an ESR
spectrum of spin adduct observed when DMPO was added to a
mixture solution of hydrogen peroxide and Fe'+-NTA. The
1:2:2:1 quartet with aN = aH = 14.8 G can be reasonably
assigned to DMPO-OH by reference to the reported constants
(17,18). Addition of methional inhibited almost completely the
yield of DMPO-OH (Fig. 5Ã„). Addition of sodium formate
resulted in the combination of DMPO-OH and -CO2~ radical

adduct of DMPO with aN = 15.8 G, aH = 18.8 G (Fig. 5C).
This experiment indicates that hydroxyl radical reacted with
formate to produce -CO2~ radical reacting with the spin trap
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1.1 -i

A no piperidine treatment

Fig. 2. Ufa-is of hydroxyl radical scavengers and SOD on the DNA damage
induced by Fe3*-NTA plus hydrogen peroxide in the presence of albumin. The
reaction mixture contained the ''I' 5'-end-labeled 435-base pair Aval fragment
(Aval*2241-Aval'268l), 20 MMFeClj, 80 pM NTA, and 5 mM H2O2 in 200 jil of
20 mM potassium phosphate buffer at pH 7.9 containing 3.5 KM albumin.
Hydroxyl radical scavenger or SOD was added where indicated. Lane 1, control;
lane 2, H2O2; lane 3, Fe3*-NTA + H2O2; lane 4, Fe3*-NTA + H2O2 + 30 units
SOD; lane 5, H2O2 + 30 units SOD; lane 6, Fe3+-NTA + H2O2 + 0.15 M
methional; lane 7, Fe3*-NTA + H2O2 -H0.1 M sodium formate; lane 8, Fe3*-NTA
+ H2O2 -I-0.54 M ethanol; lane 9, Fe3+-NTA + H2O2 + 0.34 M r-butanol; lane
10, Fe3*-NTA + H2O2 + 0.1 M sodium benzoate. After the incubation for 60 min
at 37'C, the treated DNA fragments were analyzed by the method described in

Fig. 1, legend.

(21). Similarly, addition of ethanol inhibited the yield of
DMPO-OH partially, resulting in the appearance of a new
signal due to trapping of the a-hydroxyethyl radical (Fig. 50),
which would be produced by the reaction of ethanol with
hydroxyl radical ( 17). No spectrum of DMPO-OH was observed
with either hydrogen peroxide or Fe3+-NTA alone. These results

suggest that hydroxyl radicals are produced from hydrogen
peroxide in the presence of Fe3+-NTA.

Addition of SOD inhibited the yield of DMPO-OH, but the
effect was smaller than those of hydroxyl radical scavengers
(Fig. 6). The result suggests that Superoxide is an intermediate
in the hydroxyl radical production.

Catalytic activities for hydroxyl radical production from hy
drogen peroxide and stability constants of Fe3+ chelates of

aminopolycarboxylic acids are summarized in Table 1. Relative
catalytic abilities for the hydroxyl radical production were as
follows: Fe3+-NTA > Fe3+-HEDTA > Fe3+-EGTA, Fe3+-EDTA
Fe3+-CDTA > Fe3+-DTPA. There is a good correlation between

the stability constants (22) for chelating agents with iron (III)
and the catalytic reactivities of the chelates. Fe3+-NTA, which

has the weakest stability constant, showed the most effective
catalysis in hydroxyl radical production from hydrogen perox
ide. Fe3+-DTPA has the strong stability constant and produced

no hydroxyl radicals from hydrogen peroxide.
No singlet oxygen production during the reaction of Fe3+-

1.0-

0.9-

1690 1700 1710

NUCLEOTIDE NUMBER
Fig. 3. Cleavages of "P-labeled DNA fragments incubated with Fe3*-NTA

plus hydrogen peroxide with or without piperidine treatment. The 32P 5'-end-
labeled 261-base pair fragment (Aval*\645-Xbal 1905) in 200 Â«Iof 20 mM
potassium phosphate buffer at pH 7.9 containing 3.5 MMalbumin was incubated
with 20 >iMFeCl3, 80 <iMNTA, and 5 mM H2O2 for 60 min at 37'C. After the
incubation with l M piperidine at 90*C for 20 min (B), or without the piperidine

treatment (A), DNA fragments were electrophoresed on an 8% polyacrylamide/
8 M urea gel and the autoradiogram was obtained by exposing X-ray film to the
gel. The relative amounts of oligonucleotides produced by the incubation with
FeJ*-NTA plus hydrogen peroxide were measured by laser densitometer (LKB
2222 UltroScan XL). The cleavage sites of DNA induced by Fe3*-NTA plus

hydrogen peroxide were determined by direct comparison with the same DNA
fragment after undergoing DNA sequence reaction according to the Maxam-
Gilbert procedure (16). Horizontal axis, nucleotide number of human c-Ha-nu-1
protooncogene starting with the BamHl site (15). A, G, T, and C, deoxyadenylate,
deoxyguanylate, deoxythymidylate and deoxycytidylate of DNA, respectively.
Underscoring, 12th codon of human c-Ha-roj-1 protooncogene.

NTA with hydrogen peroxide was observed by using singlet
oxygen trap (19).

DISCUSSION

The present study has shown that the incubation of DNA
with Fe3+-NTA and hydrogen peroxide caused a strong DNA
damage, and Fe3+-NTA catalyzed most efficiently hydroxyl
radical production from hydrogen peroxide. Fe3+ chelates of

other aminopolycarboxylic acids did not cause DNA damage,
and they showed little or weak catalytic activities in the hydroxyl
radical production with the exception of HEDTA.

To investigate whether active oxygen species were involved
in the reaction of DNA with Fe3+-NTA plus hydrogen peroxide,

the effects of hydroxyl radical scavengers and SOD on the DNA
damage were examined. The inhibitory effects of hydroxyl
radical scavengers and SOD suggest that hydroxyl radicals and
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1.1 1

B

2300 2310 2317

0.9-1

NUCIEOTIDE NUMBER
Fig. 4. Alkali-labile sites in "P-labeled DNA fragments incubated with I i-'

NTA plus hydrogen peroxide. A, "V S'-end-labeled 98-base pair fragment
(/4val*2247-/>iil 2344) was treated with Fe3*-NTA plus hydrogen peroxide, and
the alkali-labile sites were examined by the same procedure as described in Fig.
3B. B, "P 5'-Â«nd-labeled 341-base pair fragment (Xbal 1906-,4val'2246) was

used. Horizontal axis, nucleotide number starting with BamHl site (IS), l. G, T,
and C, deoxyadenylate, deoxyguanylate, deoxythymidylate, and deoxycytidylate
of DNA, respectively.

Superoxide are involved in Fe3+-NTA/hydrogen peroxide sys
tem and participate in the DNA damage. ESR-spin trapping
experiments provided some evidence for hydroxyl radical pro
duction during the reaction of Fe3*-NTA with hydrogen per
oxide: (a) the formation of DMPO-OH, (b) the inhibition of
DMPO-OH formation by hydroxyl radical scavengers. SOD
inhibited partially the formation of DMPO-OH. These results
suggest that Fe3+-NTA catalyzes the decomposition of hydro

gen peroxide via Superoxide to produce hydroxyl radicals, which
cause DNA strand scission as well as DNA base and sugar
alterations. This is supported by evidence that hydroxyl radicals
mainly added to the double bonds of bases and abstracted
hydrogen atoms from the sugar under 7-radiations of DNA
(23) and by other studies showing that hydroxyl radicals gen
erated from Superoxide are responsible for introducing DNA
strand breaks (24, 25).

The mechanism of hydroxyl radical production during the
reaction of Fe3+-NTA with hydrogen peroxide seems to be more

complex than in the Fenton reaction. Reactions 1 to 3 can be
envisioned as accounting for most of the observations:

Fe3+-NTA + H2O2 -Â»Fe2+-NTA + 2H+ (1)

Fe3+-NTA + (V -Â»Fe2+-NTA + O2 (2)

Fe3+-NTA + H2O2 -Â»Fe3+-NTA + OH + OH" (3)

A

10 G
Fig. 5. ESR spectra of the hydroxyl radical spin adduci of DMPO produced

from hydrogen peroxide catalyzed by FeJ*-NTA in the presence of hydroxyl
radical scavengers. I. sample (100 (.li contained 20 UMFeClj, 80 I/M NTA, and
S HIMIM)., in 20 fiM sodium phosphate buffer at pH 7.9; B, methional (0.1 S M)
was added to the sample solution; C, sodium formate (0.3S M) was added to the
sample solution, />, ethanol (0.54 M) was added to the sample solution. After the
incubation at 37*C for 15 min, hydroxyl radical scavengers, and subsequently 144

HIM DMPO were added, aliquots of the solution were taken in a calibrated
capillary, and ESR spectra were measured at room temperature as described
under "Materials and Methods.".

B

10 G
Fig. 6. ESR spectra of the hydroxyl radical spin adduci of DMPO produced

from hydrogen peroxide catalyzed by Fe'*-NTA in the presence and absence of

SOD. A, sample (100 Â».!)contained 20 Â»MFeClj, 80 MMNTA, and 5 mw H2OÂ¡
in 20 HIMsodium phosphate buffer at pH 7.9; //. SOD (30 units) was added to
the sample solution. After the incubation at 37'C for IS min, 144 HIMDMPO

was added to the samples. Immediately, aliquots of the solution were taken in a
calibrated capillary, and ESR spectral tracings were recorded every 4.S min at
room temperature as described under "Materials and Methods."

Fe3+-NTA is first reduced by hydrogen peroxide to form
Fe3+-NTA and Superoxide (reaction 1), and is readily reduced
by Superoxide to form Fe2+-NTA (reaction 2). The Fe2+-NTA

formed reacts with hydrogen peroxide to give rise to hydroxyl
radicals (reaction 3). Partial inhibition of SOD on the formation
of DMPO-OH can be explained by presuming that although
SOD inhibited reaction 2, hydroxyl radicals were partly pro
duced by reactions 1 and 3. The hydroxyl radical production in
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Table I Catalytic activities and stability constants ofFe*

aminopolycarboxylic acids
cnelates of

ChelatorNTAHEDTAEGTAEDTACDTADTPARelative

catalyticactivity
ofOH
radicalproduction"(%)100971710100Stabilityconstant*(log*.)15.919.820.525.030.028.0

* The formation of DMPO-OH in the presence of 10 ^M FeClj, 40 >IMchelator,
and 5 IHM11.<>, was determined by ESR spin-trapping techniques as described
under "Materials and Methods."

* From Martel! and Smith (22).

tion of lipid peroxidation by Fe3+-NTA administered to mice

(31). There remains a possibility that DNA damage in vivo is
induced indirectly via lipid peroxidation products by Fe3+-NTA.

Further research is necessary to clarify whether DNA damage
would be induced by Fe3+-NTA and hydrogen peroxide or not

as the critical event in the initiation and/or promotion of
carcinogenesis in vivo.
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