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Abstract
The goal of this study was to characterize how depleted uranium (DU) causes DNA damage.
Procedures were developed to assess the ability of organic and inorganic DNA adducts to convert
to single strand breaks (SSB) in pBR322 plasmid DNA in the presence of heat or piperidine. DNA
adducts formed by methyl methanesulfonate (MMS), cis-platin (cis-Pt), and chromic chloride
were compared to those formed by reaction of uranyl acetate (UA) and ascorbate (Asc). Uranyl
ion in the presence of Asc produced U-DNA adducts that converted to SSB upon heating.
Piperidine, which acted on DNA methylated by MMS to convert methyl-DNA adducts to SSB,
served in the opposite fashion with U-DNA adducts by decreasing SSB. The observation that
piperidine also decreased the gel shift for metal-DNA adducts formed by monofunctional cis-Pt
and chromic chloride was interpreted to suggest that piperidine served to remove U-DNA adducts.
Radical scavengers did not affect formation of U-induced SSB, suggesting that SSB arose from
the presence of U-DNA adducts and not from free radicals. A model is proposed to predict how U-
DNA adducts may serve as initial lesions that convert to SSB or AP sites. Results suggest that DU
can act as a chemical genotoxin that does not require radiation for its mode of action.
Characterizing the DNA lesions formed by DU is necessary to assess the relative importance of
different DNA lesions in the formation of DU-induced mutations. Understanding mechanisms of
formation of DU-induced mutations may contribute to identification of biomarkers of DU
exposures in humans.
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Introduction
Uranium is an emerging toxicant whose links to cancer have been established, but whose
interactions with biological molecules have not been fully characterized. It is a unique toxic
metal because it displays both radiological and chemical toxicity. The radiological toxicity
of uranium, ascribed to the alpha and beta emissions produced through the decay of
the 238U, 235U and 234U isotopes, has been well established through human exposures
occurring during mining and processing of the natural ore, with lung cancer being a major
outcome [1, 2]. Possible associations between uranium mining and other cancers such as
leukemia, malignant melanoma, and gallbladder cancer have also been noted [3, 4].
Communities impacted by uranium mining over the past several decades remain challenged
by health risks into the present day [5–7]. In addition, concerns are expanding to include
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uranium’s chemical toxicity as a heavy metal, largely due to the expanding use of depleted
uranium (DU) in the military [8–10].

The depleted form of uranium, consisting mostly of 238U after the fissionable 235U isotope
has been extracted from natural uranium, is used by the military in armor-piercing
projectiles and tank armor. The extensive use of DU in recent global conflicts has created
questions regarding possible health risks for both soldiers and civilians. Exposure to DU has
been cited as a major concern for veterans reporting a range of physical or mental health
issues [11, 12]. Results from epidemiological studies are sparse; however, the Royal Society
did conclude that a 2-fold increase in lung cancer risk could exist for soldiers with the
highest exposures to DU on the battlefield [13]. Continued surveillance and monitoring of
DU-exposed veterans has found detectable increases in uranium concentrations in urine and
sperm; however, no significant adverse health effects have been reported [14–16]. Birth
defects and cancers including leukemia, lymphoma, lung, breast, stomach, bladder and skin,
have been alleged for civilians exposed to DU [17–20], but correlation of observed illnesses
to DU exposure specifically is confounded by exposures to other genotoxic agents including
chemical warfare agents, and polycyclic aromatic hydrocarbons generated by the burning of
oil fields [19].

The major exposure routes for DU are inhalation of uranium oxides, predominantly U3O8,
UO2, and UO3, that are formed from the burning of metallic DU [21, 22], and dermal
absorption of uranium from DU-containing shrapnel embedded in the skin [23]. DU
munitions, DU shrapnel, and the uranium oxides that form upon burning will dissolve in the
environment [9, 24], in simulated gastrointestinal fluid [25], and in vivo [14, 15, 26].
Therefore, understanding the toxicology of soluble uranium may provide relevant insight
into all long-term uranium exposures. Furthermore, the chemistry of uranium is identical for
the 238U, 235U and 234U isotopes; therefore, DU is the best model to explore the chemical
toxicity that could occur from any type of uranium exposure, natural or depleted.

In terms of its chemical properties, U(VI) is the most stable oxidation state under aqueous
biological conditions, and it exists in the form of uranyl ion UO2

2+. Uranyl ion is a hard
Lewis acid [27] preferring to coordinate with oxygen-containing ligands, for example,
carboxylate and phosphate, which explains its preference for targeting proteins [28] and
nucleic acids [29]. Thus uranium has significant potential to interfere with biological
processes in many different ways, and at high enough exposures is expected to have adverse
health effects. However, information that is still needed to fully assess these health affects
includes an understanding of the exposure levels necessary to observe adverse effects, and
of the biomarkers of exposure that point to a uranium-relevant endpoint.

The purported link between DU and either cancers or birth defects is supported by the
results of numerous genotoxicity studies. Soluble uranyl ion has been found to be
clastogenic, transforming, and aneugenic in cell culture [30–32]. Mutations at the hprt locus
have been reported for soluble uranyl ion in Chinese Hamster Ovary (CHO) and V79 cells
[8, 33], as well as in peripheral T-cells of gulf war veterans exposed to DU containing
shrapnel [34]. Characterization of the mutagenic spectrum in CHO EM9 cells exposed to
uranyl acetate (UA) showed more small multiexon 1–22 bp deletions and 1–2 bp insertions
than were observed in either spontaneously-generated or H2O2-induced hprt mutants [35].
This mutation spectrum was also distinct from that observed for radon (i.e., alpha
irradiation) in CHO cells, in which whole gene deletions were more prevalent [36]. It is not
yet understood which specific DNA lesions are responsible for which, if any, of the
clastogenic or mutagenic endpoints.
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This increasing body of evidence illustrating the genotoxicity of DU points to a need to
understand interactions between uranium and DNA at the molecular level. Several types of
DNA lesions have been reported from DU exposures, including DNA strand breaks [33, 37],
U-DNA adducts [33], abasic sites [Yellowhair et al., in preparation], and 8-oxodG in the
combined presence of H2O2 [38]. The mechanism for formation of these different DNA
lesions is the focus of the current work.

Ascorbate (vitamin C, Asc) has previously been shown to activate UA toward DNA damage
[37]. This activation is similar to that observed for chromium(VI), another genotoxic,
mutagenic, clastogenic and carcinogenic heavy metal [39]; however, the reaction between
chromate and Asc is one of electron transfer under physiologically relevant conditions,
producing reactive Cr(V), Cr(IV) and organic free radicals [40]. Conversely, the electron
transfer reaction between uranyl ion and Asc is favored only at a pH < 2 [41], whereas at
neutral pH Asc predominantly acts as a ligand for uranyl ion [42]. In the presence of DNA,
reactions of uranyl ion and Asc produced DNA strand breaks that were inferred to be formed
through binding of an Asc-bound uranyl ion to the DNA phosphate backbone, which
subsequently promotes DNA backbone hydrolysis [37]. Thus the reaction of uranyl ion with
Asc serves as one model system for the formation of U-DNA adducts and DNA single
strand breaks.

Based on the above observations, that redox chemistry for uranyl ion is limited at neutral
pH, that oxidative DNA damage is not observed in the absence of added H2O2, and that
uranyl ion is known to have a strong association with the DNA phosphate backbone, we are
exploring the general hypothesis that uranyl-DNA adducts may serve as a “parent lesion” for
other types of secondary DNA damage such as abasic sites and single strand breaks. The
purpose of the current study was to further characterize the stability of the DNA lesions
formed by reactions of Asc with DU as UA in vitro, specifically by exploring the presence
of heat-labile or piperidine- labile adducts in plasmid DNA. The hypothesis being tested was
that if uranium reacts with DNA in the presence of Asc to form labile U-DNA adducts, then
exposure of U-DNA adducts to heat could convert those adducts to DNA strand breaks that
can be visualized by gel electrophoresis. The stability of these adducts with respect to
formation of alkali-labile sites was further explored by exposing them to warm piperidine in
the manner used to analyze alkylated guanine bases by the Maxam-Gilbert chemical method
of DNA sequencing [43]. A protocol was developed in which unreacted DNA was not
affected by heat or warm piperidine exposure, and this protocol was used to compare
damage in plasmid DNA exposed to methyl methanesulfonate (MMS), to the DNA-reactive
metals chromic chloride and cis-platin (cis-Pt), and to reactions of UA and Asc. Results
supported our hypothesis in that the U-DNA lesions were heat labile; however, piperidine
treatment did not result in an increase in DNA strand breaks for any of the metals tested.

Materials and Methods
Materials

Uranyl acetate dihydrate (CAS 6159–44–0, UA) was obtained from Spectrum Chemical
Mfg. Corp. (Gardena, CA) and used as received. The 234U/238U atom ratios were
determined by ICP-MS, and found to be 7.6 ± 2×10−6, consistent with DU (Dr. M. E.
Ketterer, unpublished). The 234U/238U atom ratios expected for natural uranium would be on
the order of 55×10−6. [44]. Methyl methane sulfonate was obtained from Spectrum
Chemical (Gardena, CA). Chromic chloride was obtained from JT Baker (Phillipsburg, NJ).
Cis-diamminedichloroplatinum(II) (cis-Pt) was obtained from Selleck Chemical (Houston,
TX). Sodium ascorbate (Asc) was obtained from Alfa Aesar (Ward Hill, MA). N-(2-
acetamido)-2-aminoethanesulfonic acid (ACES) buffer (VWR International, Radnor, PA),
was prepared as 33.3 mM stock solutions, and the desired pH was obtained by addition of
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NaOH or HCl at 37 °C. Buffers and Asc solutions in buffer were treated with Chelex 100
resin (Bio-Rad Laboratories, Hercules, CA) followed by 0.2 μm filtration to remove trace
metals. The pBR322 plasmid was obtained from New England Biolabs (Ipswich, MA) and
diluted in water to 0.7 mM DNA-P and reacted at concentrations of 0.2 mM DNA-P. All
metal solutions were prepared immediately before use. The final pHs of reaction solutions
were measured in mock 2 mL reaction solutions. All reactions with MMS, cis-Pt, and UA in
pH 7.4 ACES buffer yielded a final reaction pH of 7.40 ± 0.05 at 37 °C. Reactions with
chromic chloride yielded a final pH of 6.60 ± 0.01 at 37 °C.

DNA incubations with MMS or metal complexes
Reactions of pBR322 plasmid DNA (0.2 mM DNA-P) were carried out with MMS, chromic
chloride or cis-Pt in 25.0 mM ACES buffer for 30 min or 24 hr at 37 °C. Concentrations of
MMS were 1.0, 5.0, or 10 mM, concentrations of chromic chloride were 100, 200, or 300
μM, and concentrations of cis-Pt were 4.0, 6.0, and 8.0 μM.

Reactions of UA (500 μM), Asc (500 μM) and DNA (0.2 mM DNA-P) were carried out in
25.0 mM ACES buffer for 30 min at 37 °C. Control reactions consisted of untreated
pBR322 DNA, and pBR322 DNA reacted individually with UA and Asc. Experiments were
also repeated in the presence of 500 μM mannitol and 91 U/mL catalase in order to evaluate
the involvement of free radicals and hydrogen peroxide.

Heat-induced and piperidine-induced DNA degradation
Reactions of pBR322 DNA with MMS, chromic chloride, cis-Pt, or UA and Asc were
carried out as described above, in triplicate. After the 37 °C incubations, three different post-
treatment exposures were carried out to measure the affect of heat and piperidine on the
reaction-induced DNA lesions. One set of samples serving as the control was placed in an
unheated (RT) heat block for 30 min after receiving a volume of water equivalent to that for
the piperidine exposures. The second set of samples, representing the heat treatment, was
incubated with an equal volume of water in the absence of piperidine for 30 min in a heat
block at 60 °C. The third set of samples was incubated for 30 min at 60 °C with 30 μM
piperidine. Samples were then treated with 2 μL loading dye and analyzed by gel
electrophoresis.

Gel Electrophoresis
Relaxation of supercoiled pBR322 plasmid DNA was observed by gel electrophoresis on
1% agarose gels with 0.5× TBE running buffer (45 mM Tris base, 45 mM boric acid, and 1
mM EDTA) at 120 V for 90 min. Gels were stained with ethidium bromide, destained with
water, and images were digitally captured on a FluoroChem SP Camera (Cell Biosciences,
Inc., Santa Clara, CA). The percent plasmid relaxation relative to supercoiled DNA was
quantified from digital images using UN-SCAN-IT gel software, Macintosh version 5.3
(Silk Scientific Inc., Orem, UT). Data are presented as mean ± SEM for n = 4–14
independent experiments.

Statistics
Multiple comparisons among group means were accomplished by paired ANOVA followed
by a Tukey HSD post hoc test. The statistical significance of the effect of piperidine,
mannitol or catalase on plasmid relaxation was evaluated for differences of ± treatment by a
paired Student’s t-test. Differences were considered significant at p < 0.05 for both tests.
Statistical outliers were verified by Grubbs’ test (extreme studentized deviate method), p <
0.05.
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Results and Discussion
Protocol optimization

The first aim of this work was to verify the conditions that would allow for detection of
MMS and metal-induced DNA lesions that were heat- or piperidine-sensitive, but would not
produce interference from degradation of untreated DNA. This was accomplished by
determining the maximum temperature and piperidine concentration that would not result in
observable effects in untreated plasmid DNA.

Samples of untreated pBR322 DNA were incubated in buffer for 30 min at a series of
temperatures from 37 – 80 °C. A representative gel illustrating the effect of temperature on
degradation of untreated plasmid DNA is provided in Fig. S1A, and the quantification of
differences in amounts of form II plasmid for heated samples vs. RT samples for multiple
independent experiments is provided in Fig. S1B. Heating plasmid DNA at 37, 50, or 60 °C
for 30 min did not produce a significant change in relative amounts of relaxed (form II) or
supercoiled (form I) plasmid relaxation relative to DNA incubated at RT for 30 min;
however, incubation of DNA at 70 or 80 °C resulted in a 10-fold, and 3-fold loss of relaxed
DNA relative to DNA incubated at RT, respectively. These results were consistent with the
previous reports that the melting temperature of supercoiled pBR322 plasmid was greater
than 70 °C [45]. These data showed that for the proposed experiments an incubation
temperature of 60 °C for 30 min should not affect untreated plasmid DNA.

The affect of piperidine on the degradation of untreated plasmid DNA was determined at 60
°C. A representative gel illustrating the effect of 15 – 60 μM aqueous piperidine on
degradation of untreated plasmid DNA at RT vs. 60 °C is provided in Fig. S2A, and the
quantification of differences in amounts of form II plasmid for samples with and without
piperidine is provided in Fig. S2B. Data showed that incubations of plasmid DNA with 15 –
60 μM aqueous piperidine for 30 min without heating (i.e., RT) did not affect relaxation of
supercoiled plasmid. Upon heating at 60 °C, the concentrations of 15 and 30 μM aqueous
piperidine had no statistically significant effect on plasmid relaxation after a 30 min;
however, the 60 μM concentration of piperidine decreased relaxed plasmid DNA levels of
1.4-fold relative to DNA heated at 60 °C for 30 min in the absence of piperidine. The
nonspecific degradation of DNA by piperidine has been noted by others [46]. The current
data were interpreted to suggest that incubation of untreated plasmid DNA with ≤30 μM
piperidine for 30 min at 60 °C would not result in degradation of DNA in the absence of
chemically-induced lesions that could be converted to single strand breaks by hydrolysis.

Effects of heat and piperidine on DNA adducts induced by MMS
Methyl methanesulfonate (MMS) was used as a positive control for the formation of adducts
at DNA bases. MMS is known to form N7-methyl guanine (N7-MeG) as the major DNA
adduct, as well as minor amounts of N3-MeG and O6-MeG, and N1-, N3-, and N7-methyl
adenine (N7-MeA) [47]. Although the N7-MeG adduct may be less relevant than the O6-
MeG adduct in terms of mutagenesis, it is proposed to serve as a biomarker for DNA
alkylation in vivo, with the caveat that the N7-MeG lesion itself is unstable [48]. The
instability of the N7- MeG lesion toward depurination and strand break formation, which
can be enhanced in the presence of aqueous piperidine, serves as the basis for Maxam-
Gilbert DNA sequencing [43].

MMS was reacted with pBR322 DNA in 25.0 mM ACES (pH 7.4, 37 °C) at concentrations
of 0, 1.0, 5.0, and 10 mM for 30 min, 37 °C in triplicate. One set of reactions was then
incubated for 30 min with 30 μM aqueous piperidine at 60 °C, one set was incubated with an
equivalent volume of water at 60 °C, or an equivalent volume of water at RT. All samples
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were then subjected to gel electrophoresis (Fig. 1). MMS had no affect on the gel migration
of plasmid DNA for the 30 min incubation at 37 °C followed by a 30 min incubation at RT
(Fig. 1A, lanes 2–4 vs. lane 1, quantified in Fig. 1B). As expected, the methyl-DNA adducts
were slightly heat labile (Fig. 1A, lanes 6–8 vs. 2–4, quantified in Fig. 1B), and the methyl-
DNA adducts were strongly piperidine sensitive (Fig. 1A, lanes 10–12 vs. 2–4, quantified in
Fig. 1B). Post-incubation treatments with heat or heat + piperidine had no significant effect
on plasmid relaxation for unreacted DNA (Fig. 1B). Heat in the absence of piperidine
caused a significant increase in plasmid relaxation for the 5.0 mM and 10 mM MMS
treatments of 1.6-fold and 1.9- fold, respectively. Heat and piperidine caused significant
increases in plasmid relaxation for the 1.0 mM, 5.0 mM and 10 mM doses of 1.8-fold, 2.4-
fold and 2.6-fold, respectively. Thus this modified Maxam-Gilbert method produces the
expected result for conversion of a methyl-DNA adduct to a strand break.

Effects of heat and piperidine on DNA adducts induced by cis-platin and chromic chloride
The next aim of this work was to establish the effects of heat and piperidine on plasmid
DNA exposed to metal compounds whose interactions with DNA are relatively better
characterized than interactions of DNA with uranyl ion. Cis-Pt and chromic chloride are
examples of metals that are known to form DNA adducts in the absence of single-strand
breaks. Cis-Pt interactions with DNA have been well characterized. The initial interaction
between Pt and DNA produces a monofunctional purine adduct that converts to a
bifunctional adduct over time [49, 50]. The major bifunctional adduct is a 1,2-intrastrand
crosslink at the N7 positions of two adjacent guanines (Pt-GG, 65%), with minor adducts
including a 1,2-intrastrand crosslink (Pt-AG, 25%), and a 1,3-intrastrand crosslink (Pt-GNG,
10%) [49]. The bifunctional Pt-dGpG adduct in a duplex DNA oligonucleotide has been
structurally characterized [51]. Interaction of cis-Pt with duplex DNA produces distorting
lesions at purine bases with an unwinding angle of 13°C [52].

The affect of heat and piperidine on Pt-DNA lesions was determined in the current
experimental system at two different reaction times, to favor generation of either
monofunctional or bifunctional Pt-DNA adducts. Samples of pBR322 plasmid DNA were
incubated in triplicate at 37 °C with 4.0, 6.0, and 8.0 μM cis-Pt in 25.0 mM ACES (pH 7.4,
37 °C) for either 30 min or 24 hr. Each set of reactions was then further incubated for 30
min as described above, at RT without piperidine, at 60 °C without piperidine, or at 60 °C
with 30 μM aqueous piperidine, followed by gel electrophoresis. Results showed that heat
and piperidine had different effects on platinated DNA depending on the time allowed for
reaction of Pt with DNA (Fig. 2).

For the 30 min reactions (Fig. 2A), samples post-treated at RT or post-treated with heat and
piperidine showed no changes in amounts of relaxed DNA and no gel shift of supercoiled
DNA (Fig. 2A, lanes 2–4 vs. lane 1, and 10–12, vs. lane 9). However, a gel shift was
observed for supercoiled DNA bands in samples incubated at 60 °C in the absence of
piperidine (Fig. 2A, lanes 6–8 vs. lane 5). These results were interpreted to suggest that the
30 min incubation with cis-Pt produced predominantly monofunctional (nondistorting) Pt-
DNA adducts that were to some extent converted to bifunctional (distorting) Pt-DNA
adducts during the 60 °C post-treatment incubation. The presence of 30 μM piperidine in
heated samples was interpreted to be interfering with the conversion of monofunctional
adducts to bifunctional adducts, either by removing the Pt from DNA, acting as a competing
ligand with the N7-purine positions, or substituting for H2O in the coordination sphere to
block bifunctional coordination at the N7-purine positions.

For the 24 hr reactions of cis-Pt with DNA, none of the three post-treatment exposures had
an affect on the gel shift band patterns (Fig. 2B). Samples incubated with cis-Pt then post-
treated at RT showed a dose response for the generation of distorting Pt-DNA adducts that
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unwound supercoiled DNA past the coalescence point, which is the point at which DNA
adducts unwind supercoiled DNA to the extent that it co-migrates with relaxed DNA [53], to
create a positive supercoil that increased with increasing dose of Pt (Fig. 2B, lanes 2–4 vs. 1)
[see also 54]. Post-treatment incubations at 60 °C in the absence or presence of piperidine
had no affect on gel shifts (Fig. 2B lanes 6–8 and 10–12 vs. lanes 2–4). Data were
interpreted to suggest that the 24 hr incubation of cis-Pt with DNA was sufficient to saturate
the DNA with stable bifunctional Pt-DNA adducts. The coordination of Pt in a bifunctional
DNA adduct was not further changed by additional heating at 60 °C nor by the presence of
piperidine. This lack of ability for piperidine to induce a strand break at Pt-DNA intrastrand
N7-G adducts has been noted by others [55].

Chromic chloride forms Cr(III)-DNA adducts that have not been structurally characterized,
but have been proposed to form predominantly at the DNA phosphate backbone [56, 57].
The interaction of Cr(III) with plasmid DNA has been found to be a relatively non-distorting
lesion, with an unwinding angle of ~1°, consistent with an interaction at the phosphate
backbone [56]. Samples of pBR322 plasmid DNA were incubated with 100, 200, and 300
μM CrCl3-6H2O in 25.0 mM ACES buffer (pH 6.6, 37 °C) for 24 hr at 37 °C. Each set of
reactions was then further incubated for 30 min as described above, at RT without
piperidine, at 60 °C without piperidine, or at 60 °C with 30 μM aqueous piperidine, followed
by gel electrophoresis.

Similar to results with cis-Pt, reactions of plasmid DNA with 100–300 μM CrCl3 produced a
gel shift of the supercoiled DNA bands (Fig. 3) that was consistent with previous work [56].
The requirement for a relatively high concentration range of Cr(III) to produce the observed
gel shift is consistent with the interpretation that the resulting Cr(III)-DNA adducts are less
distorting than those produced by cis-Pt. Without the addition of post-treatment heating at
60°C or piperidine, increasing concentrations of Cr(III) produced an increasing gel shift
(Fig. 3A, lanes 2–4). The faintness of the bands was interpreted as being due to Cr-DNA
binding interfering with ethidium bromide intercalation. Post-incubation of samples at 60 °C
produced no discernable difference in the gel band shift (Fig. 3A, lanes 6–8 vs. lanes 2–4).
This experimental system is constrained by the concentrations of Cr(III) necessary to
produce a gel shift, 100–300 μM, and the concentration of piperidine that did not produce
affects on untreated DNA, 30 μM, which result in Cr(III) being present in excess of
piperidine. Nevertheless, post-treatment exposure of Cr-treated DNA to heat and piperidine
decreased the loss of DNA bands in lanes containing Cr-treated plasmid, and lessened the
extent of the gel shift of the supercoiled bands (Fig. 3A, lanes 10–12 vs. lanes 2–4 and 6–8).
This observation was consistent with the interpretation that, similar to that for the Pt-DNA
monofunctional adducts, piperidine acted as a competing ligand for Cr(III), removing it
from the DNA phosphate backbone. If the Cr-DNA adducts produced unwinding of the
supercoiled plasmid due to distortion of the double helix, then adduct removal due to Cr-
piperidine chelation would result in a lower amount of modified DNA observed as a gel shift
during electrophoresis. It was inferred that piperidine’s effect on Cr(III)-DNA unwinding
was less than its effect on Pt(II)-DNA unwinding, observed as a less than complete
abrogation of the gel shift, because Cr(III) was present in excess relative to piperidine.

Thus the effects of heat and piperidine on modified plasmid DNA were verified with
relatively well-characterized chemicals that form direct DNA lesions. Methyl-DNA adducts
formed from MMS were resistant to heat but converted to strand breaks in the presence of
piperidine. Monofunctional Pt-DNA adducts were converted to bifunctional adducts in the
presence of heat but were removed from DNA by piperidine. Bifunctional Pt-DNA adducts
were resistant to heat and piperidine. Chromium-DNA adducts were resistant to heat but
were removed by piperidine. Therefore, although metal-DNA adducts do not behave as
organic-DNA adducts under these modified Maxam-Gilbert methods, i.e., warm piperidine
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does not convert a purine-bound metal-DNA adduct nor a phosphate-bound metal-DNA
adduct to a strand break, the presence of piperidine may be used to probe the presence of
metal-DNA adducts, especially those that are relatively non-distorting to the DNA double
helix.

Effect of heat and piperidine on DNA adducts induced by uranyl ion and ascorbate
Uranyl ion has been reported to cause U-DNA adducts [37] efficiently repaired AP sites
[Yellowhair et al., in preparation], and single strand breaks [37]; however, the relationship
among these lesions, if any, is not understood. It was hypothesized that if U-DNA adducts
could serve as initial lesions that could convert to AP sites or strand breaks, then U-DNA
adducts in plasmid DNA should be heat or piperidine sensitive.

Samples of pBR322 plasmid DNA were incubated in triplicate at 37 °C with 500 μM UA,
500 μM Asc, or combined exposures in 25.0 mM ACES (pH 7.4, 37 °C) for 30 min. Each
set of reactions was then further incubated for 30 min as described above, at RT without
piperidine, at 60 °C without piperidine, or at 60 °C with 30 μM aqueous piperidine, followed
by gel electrophoresis (Fig. 4).

Reactions of UA and Asc that were not subjected to further heat were consistent with
previous results [37]; however, less plasmid relaxation was observed at the lower reactant
concentrations in the current study (500 μM vs. 1 mM) (Fig. 4A, lanes 1–4, quantified in
Fig. 4B). No significant plasmid relaxation was observed for UA exposure alone, but DNA
exposed to Asc alone or to Asc and uranyl ion produced 2-fold higher plasmid relaxation
relative to untreated DNA (p < 0.0001). The plasmid relaxation induced by Asc alone was
attributed to the presence of trace iron and copper in either the buffer or Asc solutions that
were not completely removed by Chelex-100 resin [58].

Reactions of UA and Asc that were further subjected to heating at 60 °C showed an increase
in plasmid relaxation for all reactants relative to the corresponding untreated DNA control
(Fig. 4A, lanes 5–8, quantified in Fig. 4B). Reactions of UA alone produced almost 2-fold
more plasmid relaxation than untreated DNA (p < 0.0001), whereas reactions of Asc alone
or UA and Asc together produced 2.8-fold and 4.0-fold higher plasmid relaxation than was
measured in untreated DNA, respectively (p < 0.0001).

Reactions of UA and Asc that were subjected to heat and piperidine showed no significant
plasmid relaxation from exposure to UA alone, but increased relaxation for reactions of Asc
alone or UA and Asc together relative to the corresponding untreated DNA control (Fig. 4A,
lanes 9–12, quantified in Fig. 4B). Reactions of Asc alone or UA and Asc together produced
over 2-fold higher plasmid relaxation than was measured in untreated DNA (p < 0.0001).

Comparison of the effects of heat and piperidine on each reaction sample showed that
piperidine had the strongest influence on DNA samples that contained uranium. There were
no statistical differences in levels of plasmid relaxation among untreated DNA controls for
any of the three post-treatment exposures (Fig. 4A, lanes 1, 5, and 9, quantified in Fig. 4B).
Reactions of DNA with Asc alone (Fig. 4A, lanes 3, 7, and 11) produced 1.6-fold more
plasmid relaxation with 60 °C heating (p < 0.05, Fig. 4B); however, 60 °C piperidine
exposures did not significantly change plasmid relaxation levels relative to 60 °C heat
exposure in the absence of piperidine (p > 0.07, Fig. 4B). In contrast, reactions of plasmid
DNA with UA alone (Fig. 4A, lanes 2, 6, and 10) or UA and Asc (Fig. 4A, lanes 4, 8, and
12) produced 2.1-fold and 2.5-fold more plasmid relaxation, respectively with 60 °C post-
incubation heating (p < 0.0001, Fig. 4B). Furthermore, samples that were exposed to heat
and piperidine showed decreased plasmid relaxation levels that were statistically equivalent
to samples that were not subjected to 60 °C heating (Fig. 4B). Thus the presence of
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piperidine prevented the heat-induced plasmid relaxation in samples exposed to either UA
alone or UA and Asc. Results are consistent with the interpretation that uranyl binding to
DNA precedes the generation of a DNA strand break. Two modes of action are possible:
either piperidine competes with DNA for binding to uranyl ion or the addition of piperidine
to open coordination sites on uranium in a uranyl-DNA adduct prevents further processing
of a uranyl-DNA adduct to a strand break.

Effect of mannitol and catalase on DNA damage induced by uranyl ion and ascorbate
The last set of experiments explored the effects of mannitol and catalase on the generation of
DNA lesions during the reactions of uranyl and Asc with DNA. It was hypothesized that if
the reaction of uranyl and Asc produced reactive oxygen species through Fenton-type
chemistry, then the addition of mannitol or catalase should decrease the levels of plasmid
relaxation observed. Previous work had shown that the levels of strand breaks induced by
reactions or UA and Asc were not affected by co-incubation with the free radical scavengers
mannitol, sodium azide, or 5,5-dimethyl-1-pyrroline-N-oxide, but were slightly decreased in
the presence of the H2O2 scavenger catalase [37]. Reactions of UA and Asc with plasmid
DNA were repeated in the presence of 500 μM mannitol or 91 U/mL catalase, and subjected
to post-treatment exposure to either heat, or heat and piperidine, followed by gel
electrophoresis. Amounts of relaxed (form II) DNA were quantified from gels as described
above, and comparisons were made for ± mannitol, ± catalase, + mannitol ± piperidine, and
+ catalase ± piperidine (Fig. 5). The effects of piperidine are re-graphed from Figure 4 to
allow direct comparisons (Fig. 5A). Mannitol had no affect on the heat-induced production
of form II DNA, other than a slightly significant increase in strand breaks measured in the
untreated plasmid (Fig. 5B, p = 0.04). Thus it was inferred that diffusible free radicals were
not involved in the generation of frank strand breaks arising from reactions of uranyl ion and
Asc with DNA. This observation is consistent with a previous report that the radical
scavenger glycerol had no effect on uranyl photocleavage of DNA [59]. Reactions of UA
and Asc carried out in the presence of catalase had slightly lowered levels of heat-induced
DNA strand breaks (Fig. 5C, p = 0.01), an effect that was not seen for control reactions with
untreated DNA or DNA exposed to uranyl ion or Asc alone. This is consistent with the
previous interpretation that a redox reaction between uranyl ion and Asc is not completely
absent at pH 7.4 although it is favored at pH < 2 [41]; however, the affect was minor so this
cannot be inferred to be a major pathway under the current conditions.

For both the mannitol and catalase co-incubations, post-treatment exposure to piperidine at
60 °C caused the same loss of relaxed DNA that was observed without mannitol or catalase
treatment (Fig. 5D, 5E vs. Fig. 5A). Results do not support an interpretation that is different
from that proposed above, that piperidine interacts with the uranyl-DNA adducts before they
can produce heat-mediated hydrolysis of the DNA backbone.

The above results support the ability of uranyl ion to act as a chemical genotoxic agent that
does not require radiation effects for its mode of action. Cellular damage from ionizing
radiation is known to manifest through two mechanisms: as “direct damage” when radiation
interacts with biological molecules, and as “indirect damage” mediated by oxygen radicals
that result from interactions of radiation with water [60]. The major DNA lesions from
ionizing radiation include double strand breaks and oxidative clustered DNA lesions [61],
with a major signature being locally multiply damaged sites [60]. Neither of those pathways
is consistent with the DNA lesions observed in this study, which were heat-induced DNA
single strand breaks that were decreased by the presence of piperidine but not strongly
affected by scavengers of reactive oxygen species. Nor are those radiological pathways
consistent with the DNA lesions observed in cell culture, which were uranyl-DNA adducts,
DNA single strand breaks, and AP sites [33, Yellowhair et al., in preparation].
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Growing evidence, at least in isolated DNA, supports a proposal for formation of uranyl-
DNA adducts at the phosphate backbone of the minor groove, with possible involvement of
the N3 position of adenine. Nielsen’s elegant work harnessing the photoactivation of uranyl
ion as a tool for DNA footprinting found that uranyl photocleavage of DNA in vitro was
strongest at the minor groove of AT tracts [62, 63], which was inferred to be due to the
presence of a more narrow minor groove and thus higher electronegative potential for cation
binding relative to the wider minor groove in GC tracts [62]. Mass spectrometry studies of
uranyl bonding to oligonucleotides found bifunctional binding of uranyl to two
phosphodiester moieties of the phosphate backbone [64], although the oligonucleotides in
that study did not contain adenine and the experimental system did not contain competing
ligands for uranyl ion such as Asc, or other small molecules or peptides that may be present
in biological systems. Metal complexes that interact with the minor groove of DNA,
including those of the d-block divalent metals Cu(II), Zn(II), and Cd(II), have been shown to
favor association with the N3-position of adenine [65].

The working model that emerges from our results and related studies is that the uranyl-DNA
adduct at the phosphate backbone may serve as a parental lesion that may further convert to
strand breaks, AP sites, or possibly uranyl-mediated DNA crosslinks. The ability of uranyl
ion to facilitate hydrolysis of the DNA phosphate backbone has been described [37]. A
mechanism that could serve as one example for the conversion of a uranyl-DNA adduct to
an AP site is proposed in Scheme I. The in vitro results summarized above suggest an
interaction with the minor groove, and the current study does not present any results to the
contrary; therefore, Scheme I depicts an association of uranyl ion with the phosphate
backbone (1) that is stabilized, if only transiently, by binding at N3-adenine (2). The
resonance transfer of charge from N3 to N9 (2 to 3) facilitates labilization of the hemiaminal
ether moiety, thus leading to cleavage of the glycosidic bond (3 to 4). Addition of water to
the oxonium ion followed by proton transfer to N9 of adenine leads to formation of the
deoxyribose hemiacetal and the uranyl-coordinated purine.

Structural support for this model is drawn from the literature. As one example, the
Dickerson Drew dodecamer d(CGCGAATTCGCG)2, which represents a structurally
characterized example of B-form DNA [66], has a minor groove of 3.2 Å in the 5’AATT
segment [67]. Calculations of bond distances with PyMOL molecular visualization open
source software [68] give N3-adenine to O-phosphate distances of 6.9 and 7.7 Å (Dr. Suman
Siramulla, personal communication). Estimating Van der Waals radii of nitrogen, uranium,
and oxygen as 155, 240, and 152 pm [69], gives a sum of Van der Waals interactions of ~7.9
Å. These estimates are within bonding range without taking into consideration the flexibility
of the phosphate backbone that would be increased by the charge neutralization brought on
by uranyl binding [70]. One example in the literature demonstrates the spanning of cobalt
hexamine between phosphate oxygen and both N7 and O6 of guanine in the d(CGCGCG)2
oligonucleotide crystal structure [71]. That structure and the current working model are
consistent with the proposal, first put forth by Eichhorn in the 1960’s, that divalent metals
may manipulate DNA structure through their ability to interact with both the bases and the
phosphate backbone [72, 73].

There is growing evidence for this type of a mechanism to occur in culture cells, although it
is not assumed to require such site-specificity. UA has been shown to be more cytotoxic in
the repair-deficient CHO EM9 line than the repair-proficient CHO AA8 line [33]. This line
is XRCC1 deficient, and thus is impaired in its ability to carry out base excision repair
(BER). Conversely, UA is not more cytotoxic in the nucleotide excision repair (NER)
deficient CHO UV5 line than the CHO AA8 line, although a slightly higher relative toxicity
emerges with high doses and longer exposure times [Wilson et al., in preparation]. These
observations are consistent with the interpretation that an initial uranyl adduct at the
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phosphate backbone is nondistorting and targeted by BER, whereas lesions formed with
longer incubation times and higher concentrations are more distorting and targeted by NER.

Conclusions
The purpose of this study was to develop a protocol to investigate the presence of uranium-
induced DNA damage in order to understand the mechanism of formation of relevant DNA
lesions. In summary, uranyl ion, in the presence of Asc, produced uranium-DNA adducts
that converted to single strand breaks upon heating. Piperidine, which acted on DNA
methylated by MMS to convert a methyl-DNA adduct to a strand break, served in the
opposite fashion to decrease the formation of uranyl-induced strand breaks. The observation
that piperidine also decreased the gel shift for metal-DNA adducts formed by
monofunctional cis-Pt and chromic chloride was interpreted to suggest that piperidine served
to remove uranyl-DNA adducts. This interpretation, combined with the observation that
radical scavengers did not significantly affect formation of strand breaks, suggested that
DNA strand breaks arose from the presence of uranium-DNA adducts and not from
diffusible free radicals. Results are consistent with previous data showing the formation of
adducts, single strand breaks and AP sites in cultured cells. The likely dominant interaction
of uranyl ion with the DNA phosphate backbone predicts a relatively non-distorting DNA
lesion that should be targeted by BER rather than NER. Hydrolysis of the DNA phosphate
backbone would produce strand breaks, and weaker associations of the uranyl-phosphate
adduct with the DNA bases may provide a mechanism for the formation of AP sites. These
data further support the interpretation that DU as uranyl ion can display chemical
genotoxicity independent of its radioactivity.
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Abbreviations

ACES N-(2- acetamido)-2-aminoethanesulfonic acid

Asc ascorbate

BER base excision repair

CHO Chinese hamster ovary

Cis-Pt, cis-platin cis-diamminedichloroplatinum(II)

DU depleted uranium

MMS methyl methanesulfonate

NER nucleotide excision repair

SSB single strand breaks

TBE tris-boric acid-EDTA

UA uranyl acetate dihydrate
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Figure 1.
Effects of heat and piperidine incubations on pBR322 plasmid DNA degradation after
exposure to methyl methanesulfonate (MMS). (A) Representative gel illustrating reaction of
MMS (0 – 10 mM) with pBR322 DNA (0.2 mM DNA-P, 25 mM ACES, pH 7.4, 37 °C, 30
min) followed by post-treatment exposure to water (30 min, RT) (lanes 1–4), water and heat
(30 min, 60 °C) (lanes 5–8) or 30 μM piperidine and heat (30 min, 60 °C) (lanes 9–12). (B)
Quantification of DNA degradation as % DNA migrating as Form II for post-treatment
exposure to either water (30 min, RT) (open bars); water (30 min, 60 °C) (grey bars); or 30
μM piperidine (30 min, 60 °C) (black bars). Data represent mean ± SEM for n = 5
independent experiments. Statistical significance of the effect of ± heat or ± piperidine was
determined by ANOVA (NS not significant, **p<0.01, ***p<0.001, ****p<0.0001).
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Figure 2.
Effects of heat and piperidine incubations on pBR322 plasmid DNA gel shifts after exposure
to cis-platin for 30 min or 24 h. (A) Representative gel illustrating reaction of cis-platin (0 –
8 μM) with pBR322 DNA (0.2 mM DNA-P, 25 mM ACES, pH 7.4, 37 °C, 30 min)
followed by post-treatment exposure to water (30 min, RT) (lanes 1–4), water and heat (30
min, 60 °C) (lanes 5–8) or 30 μM piperidine and heat (30 min, 60 °C) (lanes 9–12). (B)
Representative gel illustrating reaction of cis-platin (0 – 8 μM) with pBR322 DNA (0.2 mM
DNA-P, 25 mM ACES, pH 7.4, 37 °C, 24 h) followed by post-treatment exposure to water
(30 min, RT) (lanes 1–4), water and heat (30 min, 60 °C) (lanes 5–8) or 30 μM piperidine
and heat (30 min, 60 °C) (lanes 9–12).
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Figure 3.
Effects of heat and piperidine incubations on pBR322 plasmid DNA gel shifts after exposure
to chromic chloride for 24 h. Representative gel illustrating reaction of CrCl3•6H2O (0 – 300
μM) with pBR322 DNA (0.2 mM DNA-P, 25.0 mM ACES, pH 6.5, 37 °C, 24 hr) followed
by post-treatment exposure to water (30 min, RT) (lanes 1–4), water and heat (30 min, 60
°C) (lanes 5–8) or 30 μM piperidine and heat (30 min, 60 °C) (lanes 9–12).
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Figure 4.
Effects of heat and piperidine post-treatment incubations on pBR322 plasmid DNA
degradation measured as % DNA plasmid relaxation (Form II) after exposure to uranyl
acetate and ascorbate. (A) Representative gel illustrating reactions of UA (0.50 mM) and
ascorbate (0.50 mM) with pBR322 DNA (0.2 mM DNA-P, 25.0 mM ACES, pH 7.4, 37 °C,
30 min) followed by post-treatment exposure to either water (30 min, RT) (left); water (30
min, 60 °C) (center); or 30 μM piperidine (30 min, 60 °C) (right). (B) Quantification of
DNA degradation as % DNA migrating as Form II for post-treatment exposure to either
water (30 min, RT) (open bars); water (30 min, 60 °C) (grey bars); or 30 μM piperidine (30
min, 60 °C) (black bars). Data represent mean ± SEM for n = 4–14 independent
experiments. Statistical significance of the effect of ± heat or ± piperidine was determined
by ANOVA (NS not significant, *p<0.05, **p<0.01, ****p<0.0001).
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Figure 5.
Effect of mannitol and catalase on % DNA plasmid relaxation (Form II) in the absence and
presence of piperidine. pBR322 DNA was reacted with UA and ascorbate as described in
Figure 4. (A) For comparison purposes, the reactions from Figure 4B are shown as
difference in % Form II DNA for [piperidine vs. no piperidine]. Reactions were also carried
out in the added presence of: (B) 500 μM mannitol, followed by addition of water or 30 μM
piperidine and incubation for 30 min at 60 °C. (C) 70 U/mL catalase, followed by addition
of water and incubation for 30 min at 60 °C. (D) 500 μM mannitol, followed by addition of
30 μM piperidine and incubation for 30 min at 60 °C. (E) 70 U/mL catalase, followed by
addition of 30 μM piperidine and incubation for 30 min at 60 °C. In all cases data represent
mean ± SEM for differences in % Form II for [treatment vs. no treatment], for n = 5
independent experiments. Differences were significantly different than 0 by Student’s t-test
(*p<0.05, **p<0.01, ****p<0.0001).
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Scheme I.
Proposed mechanism for conversion of a uranyl-DNA adduct to an AP site
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