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Abstract

We have determined the specificity of mutations produced by nickel(II),
a known human carcinogen, in a forward mutation assay and also used a
sensitive reversion assay to show that Nillll, like iron and copper, can
produce tandem double ((â€”IT mutations, a hallmark of damage to

DNA by either IV irradiation or oxygen free radicals. A reduction in

mutation frequencies by the addition of oxygen radical scavengers also
supports the involvement of reactive oxygen species in DNA damage and
mutagenesis by Nidi). Mutagenesis by Nil III is enhanced by the addition
of both hydrogen peroxide and a tripeptide glycyl-glycyl-L-histidine. The

enhancement of mutagenesis of Ni(II) by the tripeptide indicates that
these complexes could serve to localize Ni(II) in nuclei and mediate DNA
damage and mutagenesis via the generation of short-lived oxygen free

radicals. These data suggest that Ni(II) carcinogenesis may proceed via
the generation of active oxygen species and furthermore provide a model
for nickel carcinogenesis based on the binding of Nidli to nuclear

proteins.

Introduction

Nickel is a human carcinogen. This is based on the ability of nickel
to induce tumors in a variety of species and the association between
nickel exposure in refinery workers and the subsequent occurrence of
cancers of the lung and nasal sinuses (1, 2). Exposure of cultured
mammalian cells to nickel induces DNA single strand breaks, DNA-
protein cross-links, sister chromatid exchanges, and chromosomal
aberrations (3-5). However, nickel ions bind only weakly to purified

DNA in vitro (6) and this interaction causes little or no direct damage
(7). As a consequence of this discrepancy indirect mechanisms to
account for nickel-induced DNA damage have been proposed, includ

ing DNA damage by reactive oxygen species (8, 9). We have analyzed
the spectrum of mutations produced as a result of DNA damage by
Ni(II) i/i vitro in two different systems. In a forward mutation assay,
nickel-induced mutations were increased by the addition of H2O2 and
a tripeptide, Gly-Gly-His,4 a ligand that forms an active complex

with nickel ions; mutagenesis was inhibited by oxygen free radical
scavengers. In a reversion assay specific for damage to cytosines,
Ni(II) in the presence of H2O2 and Gly-Gly-His induced tandem
double CCâ€”>TTmutations, a hallmark of damage to DNA by either

UV irradiation or oxygen free radicals. The increase in mutagenesis by
Ni(II) in the presence of a polypeptide chelator provides a clue to a
mechanism for nickel-induced mutagenesis via short-lived oxygen

free radicals in the absence of direct binding of Ni(II) to DNA. In cells
a nucleoprotein could serve to bind Ni(II) to DNA and enhance the
generation of oxygen free radicals.
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Materials and Methods

Bacteria. Eschericltia coli strain MC1061 [F~, /i.srfR, mcrB, oraD139,

A(ura-/eu)7ft79D, A(/ur)X74, ,i;a/U, Â¿,'a/K,rpsL, thi] was the host strain used

for all mutation experiments. Cells were plated on the indicator strain E. coli
CSH50 [A(pro-/ac) thi, ara/f (<raD36, proAB, /acI^ZAMlS)]. The UV dose
used to induce the SOS response in E. coli MC1061 was 50 J/m2.

Treatment of DNA. Single-stranded Ml 3mp2 or M13G*1 DNA(5 mg/ml)

was incubated with freshly prepared solutions of nickel salts, Gly-Gly-His.
and hydrogen peroxide in a final volume of 0.05 ml containing 10 HIM4-(2-
hydroxyethyl)-l-piperazineethanesulfonic acid buffer (pH 6.9) in 1.7-ml mi-
crocentrifuge tubes for 30 min at 37Â°C.

Mutation Assays. For an analysis of the types of mutations produced by
Ni(ll) in vitro we utilized the forward mutation assay developed by Kunkel
(10). This assay scores for a wide variety of nucleotide sequence alterations
within a portion of a target gene, the lacla gene, and its regulatory region.
Transfection of nickel-treated DNA into SOS-induced E. coli and detection of
mutations was as described (11, 12). The M13G*1 reversion assay makes use

of an M13mp2 derivative that allows detection of single and tandem double
CCâ€”>TTmutations within the same codon of the lacla gene. Detection and

analysis of mutants were as described (13).

Results and Discussion

To analyze the types of mutations produced by Ni(II) in vitro we
utilized the M13mp2 forward mutation assay developed by Kunkel
(10). We measured the effects of Ni(II), H2O2, and a tripeptide,
Gly-Gly-His, on survival and mutagenesis of single stranded

M13mp2 DNA. Studies of Kawanishi et al. (7) have indicated that
DNA damage in vitro by Ni(II) is dependent on H2O2 and is enhanced
when Ni(II) is complexed with Gly-Gly-His. This complex produces

Superoxide aniÃ³nradicals, hydroxyl radicals, and singlet oxygen (14).
Damage to M13mp2 DNA upon incubation with 100 JU.MNi(II) plus
10 /J.MH2O2, or with Ni(II)/H2O2 plus 50 /J.MGly-Gly-His reduced

the biological activity of the DNA by 64 and 48%, respectively. Mu
tagenesis was increased 2-fold over control DNA by treatment with
Ni(II) plus H2O2 (Table 1). The addition of Gly-Gly-His resulted in
a further 2-fold increase in mutagenesis. In seven separate experi

ments, the mutation frequency of M13mp2 DNA incubated in with
buffer alone was 4.0 Â±1.6 (SD) X IO'3. The addition of Ni(II) plus

H2O2 and Gly-Gly-His resulted in a 4.5-fold increase yielding a
mutation frequency of 17.9 Â±1.4 X 10~3. The P value for two-way

comparisons between groups is <0.0001. The ratio of increased mu
tagenesis to loss of survival with Ni(II) plus H2O2 and Gly-Gly-His
is greater than observed with copper- or iron-generated reactive oxy

gen species (11, 12). This suggests that reactive oxygen species gen
erated by the nickel complex are more likely to result in mutations.

The participation of reactive oxygen species in the induction of
mutations by Ni(II) plus H2O2 and Gly-Gly-His is substantiated by

the inhibitory effects of agents known to scavenge different reactive
oxygen species (legend to Table 1). The mutation frequency was
reduced by the addition of sodium azide, a scavenger of singlet oxy
gen, as well as by dimethyl sulfoxide, sodium formate, and mannitol,
scavengers of free hydroxyl radicals. The involvement of Superoxide
aniÃ³n in nickel-induced mutagenesis is indicated by a diminution of

mutagenesis by Superoxide dismutase.
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Table 1 Mutatiim frequency of MI3mp2 DNA following exposure to nickel

Mutagenesis after incubation of MI3mp2 DNA with Ni(ll) (100 U.M)plus H2O2
(H) litt) or Ni(Il) (1(X>fiÂ«)plus H2O2 (K) Â¿IM)and Gly-Gly-His (50 JIM). The extent to
which mutagenesis induced by Ni(II) plus H2O2 and Gly-Cily-His was diminished by

various scavengers and inhibitors of reactive oxygen species is: cthanol (800 HIM),17%;
mannitol (I(X) HIM).38%>;sodium formale (l(X) mm), 747,; dimethyl sulfoxide (800 mu),
40%; methioninc (I(X) msi), 28%; sodium azidc (50 HIM).53%; Superoxide dismutase
(5 units), 28%.

Plaques scored
Mutation frequency
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Fig. 1. Spectrum of mutations produced by nickel. Mutations detected in the forward
mutation assay were induced by exposure of single-stranded MI3mp2 DNA to Ni(II)(l(X)
JIM), H:O; (10 JIM), and Gly-Gly-His (50 UM). The DNA sequence is the viral slrand of
M13mp2 starting at the first nucleotide after the luci termination codon through the coding
sequence of amino acid 47 in the lacZa gene. Base substitutions are displayed above the
wild type sequence and indicate the nucleotide found in the viral strand. Deletions are
shown below the sequence.

An analysis of sequence changes obtained after exposure of
M13mp2 DNA to Ni(ll) plus H202 and Gly-Gly-His is shown in Fig.
1. Of the 77 mutants that had nucleotide changes in the region se-
quenced, 71 contained single-base substitutions and six contained

deletions; no insertions or complex rearrangements were detected.
The frequency of substitutions opposite template Gs (29 of 77) and Cs
(24 of 77) was greater than across from As and Ts. The most frequent
type of substitutions were Gâ€”Â»Aand C^>T transitions. The spectrum

of mutations induced in the lacZa gene is different from that observed
with iron or copper (11, 12). In the case of Ni(II) plus H2O2 and
Gly-Gly-His, mutations were more widely dispersed throughout the
target gene with G-Â»Aand Câ€”*Ttransitions the most frequent. How

ever, other base substitutions were also prominent indicating that
Ni(II) can give rise to a much broader range of mutations than pre
viously observed with either iron or copper (11, 12).

We used a second mutagenesis assay to specifically detect tandem
double CCâ€”Â»TTsubstitutions, a signature mutation for DNA damage
by oxygen free radicals (13, 15). M13G*1 single-stranded circular
DNA contains an altered codon (GCCâ€”Â»CCC)within the lacZa gene.

This results in an inactive lacZ gene product and produces white rather
than dark blue plaques. Tandem double CCâ€”Â»TTsubstitutions and
certain single-base substitutions within this codon result in the pro
duction of an active ÃŸ-galactosidaseand are scored by the reversion of
white plaques to a dark blue phenotype. Incubation of M13G*1 DNA

with Ni(II) plus H2O2 increased the overall mutation frequency by
3.8-fold; no further enhancement in the overall frequency of muta
genesis resulted from the addition of Gly-Gly-His (Table 2). Tandem
double CCâ€”>TTmutations were produced by Ni(II) plus H2O2 in the
absence of Gly-Gly-His at a frequency, 1.3 X 10~5, similar to values

Table 2 Mutations at the CCC codon ofMMG'l DNAfollowing exposure to nickel
Single-stranded M13G*1 DNA (2 /ig) was treated with Ni(II) (100 (ÃŒM)plus H2O2

(10 UM) or Ni(II) (100 UM) plus H2O2 (10 UM) and Gly-Gly-His (50 JIM). Tandem
double mutations were identified by DNA sequence analysis (a and h are the results of two
separate sets of experiments).

TreatmentNoneNi(II)

-fH2O2Ni(II)

+H2O2+
Gly-Gly-His"Ni(ll)

+H^O,+
Gly-Gly-His*PlaquesscoredTolal

Mutants128.679228,282403,977314,100168712380TotalmutationXIO"41.23.83.02.6MutationfromCCCtoTTCCTT12

12412

2TandemmutationX

IO"50.8\35.94.5

previously obtained using iron or copper ions for the generation of
reactive oxygen species (13). Single Câ€”>Ttransitions, which ac

counted for an average of 63% of the total mutations produced by
Ni(II) plus H2O2, were not increased in the presence of Gly-Gly-His
(data not shown). However, in the presence of the tripeptide Gly-
Gly-His, there was a marked increase in the production of tandem
double CCâ€”Â»TTmutations. Approximately 20% of the mutants pro
duced by Ni(II) in the presence of H2O2 and Gly-Gly-His were
CCâ€”>TTmutations. The first tandem CC-Â»TT mutation that we have
observed in control M13G*1 DNA is also included in Table 1 and

could be due to oxidative damage produced during isolation of the
DNA. This is the only spontaneous CCâ€”Â»TTmutation we have ob
served in over 5()(),0()() plaques screened in the M13G*1 reversion

assay. The bias towards mutations at the first two positions of the
target codon in the presence of Gly-Gly-His could be due to a specific
interaction of the tripeptide-nickel complex with the first two cy-

tosines. Such an interaction might facilitate bringing the 5,6 bonds of
the two adjacent cytosines into close enough proximity to allow a
radical-induced cross-link of the two bases. Dizdaroglu and Simic
(16) have shown that cross-linked cytosines can result from -y-ray-
generated hydroxyl radicals. -y-Irradiation can also produce tandem
double CCâ€”>TTmutations in the M13G*1 reversion assay.5

It has been hypothesized that damage to DNA by Ni(II) in cells
results from the generation of hydroxyl radicals by interaction Ni(II)
with H2O2 (8, 9). The endogenous production of H2O2 in mw con
centration has been demonstrated in a variety of eukaryotic cells,
particularly in tumor cells (17) and in cells that undergo respiratory
bursts (18). Metal-peptide complexes have been used to model the

interactions of metal ions at different sites on proteins. Under physi
ological conditions, chelating agents, including certain peptides, en
hance iron-driven oxygen radical generation as well as the nickel-

dependent reduction of hydrogen peroxide (14, 19). Of 26 peptides
tested by Torreilles et al. (19), Gly-Gly-His was the most effective at

stimulating the production of reactive oxygen species by Ni(II) plus
H2O2. We now demonstrate that this interaction results in an increase
in the production of mutations in DNA in vitro that are specific for
DNA damage by reactive oxygen species. Tandem double CCâ€”Â»TT

mutations have so far only been shown to be produced as a result of
damage to DNA by oxygen free radicals (13, 15) or UV-irradiation

(20, 21). These mutations thus provide a marker to determine the
contribution of oxygen free radicals to nickel-generated mutations and

cancers. The ability of a tripeptide cofactor to enhance mutagenesis by
Ni(II) suggests that in vivo mutations generated by Ni(II) may be
localized at particular sites on DNA by the association of Ni(II) with
specific nucleoproteins. This association may be a major factor in
nickel carcinogenesis and suggests a mechanism for nickel mutagen-

5 T. M. Reid and L. A. Loeb. unpublished results.
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esis and carcinogenesis involving the interaction of Ni(II) with spe
cific nuclear proteins and the enhanced generation of short-lived re

active oxygen species in close proximity to DNA.
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