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ABSTRACT. The genotoxicity associated with the metabolic reduction of hexavalent chromium [Cr(VI)] is
complex and can impede DNA polymerase-mediated replication in vitro. The exact biochemical nature
of Cr-induced polymerase arresting lesions (PALS) is hot understood, but is believed to involve the formation
of Cr—DNA interstrand cross-links (ICLs). The aim of this investigation was to determine the dependence
of direct C—DNA interactions on the development of PALs in DNA treated with trivalent Cr [Cr(l11)]

or with Cr(VI) in the presence of ascorbic acid (Asc), a major intracellular reductant, using an in vitro,
acellular system. The formation of EDNA adducts, ICLs, and PALs was maximal at Asc:Cr(VI) molar
ratios of 0.5-2, but gradually decreased at higher ratios. EDTA, a Cr(lll) chelator, significantly decreased
Cr—DNA binding and ICL and PAL formation. Co-treatment of DNA with Cr(VI)/Asc and mannitol, a
Cr(V) chelator, selectively inhibited the formation of mono/bifunctional DNA adducts and PALs produced
by Cr(VI) reduction, but had no effect on Cr(HDNA binding or Cr(lll)-induced polymerase arrest.
Blocking Cr—DNA phosphate interaction by preincubation of DNA with Mg@brogated DNA binding

and ICL and PAL production. DNA strand breaks and abasic sites may lead to the in vitro arrest of DNA
polymerases; however, we failed to detect significant increases in the frequency of these lesions following
Cr(VI)/Asc treatment. These data indicate that the bifunctional adduction of Cr to DNA phosphates (ICLS)
constitutes a major PAL. Furthermore, the generation of DNA strand breaks and abasic sites by Cr(VI)
reduction is insufficient to explain PALs observed in vitro.

The carcinogenic potential of chromium-containing com- Various studies have reported the reduced processivity and
pounds has been intensively investigated and recently guanine-specific arrest of DNA polymerases using Cr-reacted
reviewed (—3). Chromium, in its hexavalent state [Cr(VI)], DNA as a templatel2, 17-20). Several Cr-induced DNA
is relatively inert. Under physiological conditions, Cr(VI), lesions (abasic sites, DNA strand breaks, ICLs, oxidized
as a chromate oxyanion, enters the cell through nonspecificbases) 15, 21, 223 could possibly account for the observed
anionic transporters 3¢5). Within the cell, Cr(VI) is in vitro arrest of DNA polymerase on Cr-treated DNA;
metabolically reduced by ascorbic acid (Asc), glutathione however, Cr monoadducts and €PPC (GSH) do not
(GSH), or cysteine (Cys) to Cr(lll), the most stable form of constitute polymerase arresting lesions (PAL2))( The
Cr. Cr(Ill) is unable to pass easily through the cell membrane guanine-specific attenuation of DNA and RNA polymerase
and, therefore, remains within the cell bound to macromol- activity on Cr-treated DNA has been associated with ICLs
ecules, where it can attain millimolar concentratios$. ( (12, 18, 23. Cr-induced ICLs are believed to involve the
During the reduction of Cr(VI), several reactive Cr species, bifunctional adduction of Cr to (i) phosphate residues in
including Cr(1V) and Cr(V), are generated, (8). While Cr- complementary strands of DNA (phosphater—phosphate
(V1) does not interact with nucleic acids, Cr(lll) and Cr(V) cross-links) and/or (ii) guanine residues (guanifEz—
display reactivity toward DNA &, 9. In addition to the guanine cross-links) in DNA2, 12, 1§. Nevertheless,
formation of reactive Cr species, carbon-based and oxygenconclusive experimental evidence linking either lesion to
radicals can be generated during Cr reductiong( 10. PAL development is not yet available.

The genotoxicity of chromium is complex and is charac-  The formation of DNA damage by Cr may proceed
terized by damage to DNA bases and the sag@osphate  through direct (CFDNA interactions) and/or indirect (oxygen/
backbone. Specifically, the metabolic reduction of Cr(VI) carhon radicals) mechanisms, but the relative role that each
can lead to the formation of EIDNA base and/or phosphate  pathway plays in Cr-induced polymerase arrest is not known.
monoadducts, DNA strand breaks, oxidatively damaged 14 gjucidate the relative contributions of these mechanisms
bases, proteinCr—DNA cross-links (C+-DPC), abasic sites, {5 the formation of PALs, we have examined the formation

and DNA-Cr—DNA interstrand cross-links (ICLsL{—16). of these lesions under different biochemical conditions in
DNA treated with Cr(VI) in the presence of the major
" This work was supported by NIH Grant ES05304 to S.R.P. intracellular reductant of chromium, Asc, and with Cr(lll).
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bone. Although DNA strand breaks and AP sites may lead for precipitation. Samples were placed onto a 5% TCA pre-
to the in vitro arrest of DNA polymerases, these lesions were wetted Whatman GF/A glass micro fiber filter in a vacuum
undetectable under conditions where adducts, ICLs, andfiltration apparatus (Hoefer Scientific Instruments, San

PALs were easily detected and modulated. Thus, their Francisco, CA). Filters were washed twice with 5 mL of

potential contribution to Cr-induced polymerase arrest is
minor relative to the contribution of ICLs.

MATERIALS AND METHODS

Cell Culture and Reagentsluman lung fibroblasts (HLF)
(ATCC LL-24 cells, 151-CCL) were grown in F12K medium
(Life Technologies, Gaithersburg, MD) containing 15% fetal
bovine serum (FBS) and supplemented with 0.5% penieillin
streptomycin in a humidified incubator under 5% £ 37
°C. Sodium chromate [N&rO, Cr(VI)] (J. T. Baker
Chemical, Phillipsburg, NJ), ascorbic acid (Fisher Scientific,
Fair Lawn, NJ), and mannitol and chromium chloride [G(ClI
Cr(1IN] (Sigma Chemical Co., St. Louis, MO) were prepared
fresh in sterile water prior to each experiment. Magnesium
chloride (MgC}) (Sigma Chemical Co.\-(2-hydroxyethyl)-
piperazineN'-2-ethanesulfonic acid (HEPES), and EDTA
(ethylenediaminetetraacetic acid) (Fisher Scientific) were
maintained as stock solutions. The construction of the
pSV2neoTS vector was reported previoudlg)(All plasmid
purifications were performed using the QIAGEN Plasmid
Maxi Kit (QIAGEN, Inc., Valencia, CA).

Preparation and Treatment of Human Lung Fibroblast
Genomic DNAHLF cells were harvested, and DNA was
isolated using the Wizard Genomic DNA Purification Kit

5% TCA and twice with 1 mL of methanol and then dried.
The amount of'Cr remaining on the filter was counted in

5 mL of EcolLite scintillation cocktail (ICN, Irvine, CA).
After correction for nonspecific filter binding, GiIDNA
adducts were calculated and expressed as total Cr adducts/
1.5 kb (pmol of Cr/pmol of DNA bases) based on theér-
labeled Cr(VI) or Cr(lll) stock solutions.

Quantitatve PCR Analysis of Cr-Treated Human DNA.
Following treatment, genomic DNA was filter-dialyzed
against sterile, deionized water using Microcon filter columns
(10 000 MWCO) (Millipore, Bedford, MA) to remove
unreacted Cr, Asc, and other compounds. DNA concentration
was determined by absorption spectroscolygd. The p53
gene (exons 58, ~1.5 kb) was used as the target sequence
for quantitative PCR analysis (QPCR) from chromium-
treated HLF DNA using previously published prime2oy
All reactions were carried out for 28 cycles of amplification
using 100 ng of template DNA and/ZCi of [o-*?P]dCTP
(3000 Ci/mmol) (ICN, Costa Mesa, CA). Under these
conditions, the amount of detectable PCR product was
linearly related to template concentration. PCR reactions were
admixed with 6< loading buffer and resolved on a 5%
nondenaturing acrylamide gel at 200 V, or on a 1% vertical
agarose gel at 85 V, fo2 h in 1x Tris—borate-EDTA
(TBE), pH 8.3. Gels were dried under vacuum and exposed

(Promega Corp., Madison, WI) as per the manufacturers yo fjim for 3-24 h at —70 °C. Assuming a random

protocol. After digestion wittEcoRl, HLF DNA (0.04 ug/
uL) was incubated at 37C for 2 h in thepresence either of
Cr(VI) plus Asc or of Cr(lll), with and without the addition

distribution of Cr-induced polymerase arresting lesions, the
lesion frequency per 1.5 kb was determined from the
densitometric data by the Poisson distribution:

of other reagents. In all experiments no effects were observed

in reactions containing Cr(VI) or Asc alone. Although the
concentrations of Cr used in this study are highly toxic to

LFp, = —In (amplifications, e cdamplification, yeated

cultured cells, these doses are relevant in cell-free systems DNA Interstrand Cross-Link Detection in Plasmid DNA.

due to the significant intracellular accumulation of Cr to
millimolar levels 6).

Measurement of Cr(VI) Reductio@r(VI) reduction by
ascorbate was monitored by absorption spectroscagy (
Absorbance at a wavelength of 372 nm [@Dthe Anmax Of
Cr(VI)] reflects Cr(VI) concentration in a linear dose-

The existence of DNA interstrand cross-links HtoRI-
linearized pSV2neoTS DNA was detected using Renaturing
Agarose Gel Electrophoresis (RAGE) as previously described
(12, 18. Briefly, DNA was reacted with Cr(VI) and various
concentrations of Asc f@ h at 37°C, filter-dialyzed against
sterile, deionized water, and quantified. An aliquot of each

dependent manner but does not correlate with the other formssample (56-100 ng) was heat-denatured at@sfor 10 min

of Cr such as Cr(V), Cr(IV), or Cr(lll)24). Reactions were

and flash-cooled in an ice bath to prevent reannealing. The

carried out under the same conditions as employed for thedenatured samples, along with a nondenatured aliquot of each
DNA binding and polymerase arrest assays, but in the reaction, were resolved on a 0.8% agarose gel at 35 V

absence of DNA. Briefly, Cr(VI) was incubated with
ascorbate in 100 mM HEPES, pH 7.4y h at 37°C (1
mL final volume). O, was measured, and the data were
expressed as the percent of Cr(VI) remaining.

Measurement of Total GfDNA Binding.Chromium stock

overnight. DNA was blotted overnight onto a nitrocellulose

membrane by alkaline capillary transfer. Membranes were
hybridized to a random hexamer-labeled (Prime-It RmT,
Stratagene, La Jolla, CA) 0.95 kb fragment (obtained from
aPst digest of pSV2neoTS) and exposed to film-at0 °C

solutions were prepared prior to each experiment by mixing for 3 h orovernight. ICLs were calculated densitometrically

unlabeled Cr(VI) or Cr(Ill) with radioactive N&CrO, (612
mCi/mg of Cr) or®CrCl; (564 mCi/mg of Cr, both from
ICN, Irvine, CA), respectively. Solutions containiféCr-
labeled Cr(VI) or Cr(lll) were incubated with 4g of HLF
DNA (0.04 ug/uL) in 100 mM HEPES (pH 7.2), in the
presence or absence of other compounds2 foat 37°C in

a final volume of 25uL. Following treatment, 50Q«L of
ice-cold 5% trichloroacetic acid (TCA) was added to each
reaction which was then incubated for 30 min on ice to allow

as the percent of total DNA existing as dsDNA after heat-
denaturation.

Plasmid Relaxation AssapSV2neoTS DNA (0.04:g/
uL) was incubated with €120 uM Cr(VI) and Asc at the
indicated molar ratios with or without the addition of EDTA,
mannitol, or MgC} for 2 h at 37°C, as described under
Results. Following treatment, samples were admixed with
6x gel loading buffer, and aliquots (0-D.4 ug) were
resolved on a 1% 3t TBE agarose gel. Gels were stained
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Ficure 1: Concentration-dependent formation of<DNA adducts
and PALs by Cr(VI)/Asc [Asc:Cr(VI) ratio of 0.5] or Cr(lll)
following a 2 htreatment. (APCr—DNA binding (bars) to HLF
DNA (0.04 ug/ulL) treated with increasing Cr(VI) concentrations
(closed bars) or Cr(lll) (open bars). PAL formation [Cr(VI),
triangles; Cr(lll), squares] in HLF DNA was quantified by QPCR.
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the primary DNA binding species of Cr, Cr(lll). Incubation
of DNA with increasing?*Cr(l1l) concentrations produced a
similar trend in C+~-DNA binding albeit at 4-13-fold greater
total adduct levels than those observed for Cr(VI)/Asc.
Specifically, 60uM Cr(lll) generated 83.9 Cr adducts/1.5
kb. The adduct levels produced by -360 uM Cr(VI)/
Cr(I1) were significantly greaterK < 0.05) than all other
Cr concentrations tested.

Cr(VI) reduction leads to a complex array of DNA lesions,
which present a physical obstruction to the in vitro replication
of Cr-treated DNA. Previous work has demonstrated the
utility of QPCR for studying Cr-induced PALs in isolated
human DNA @0) and in Cr(VI)-treated yeast (T. O'Brien,
unpublished results). As shown in Figure 1A (lines) and
Figure 1B (gel), PALs were detectable, as an inhibition of
Tagmediated amplification of a 1.5 kb target sequence
(p53: exons 58), in HLF DNA. At or above 15(M Cr(VI),
PALs increased in a similar fashion as-@NA binding
(60 uM = ~1.7 PALs/1.5 kb). A concentration-dependent
increase in PALs was also apparent above s Cr(lll)
and reached-5.1 PALs/ 1.5 kb at 6&M. Although lower
concentrations produced similar effects, B Cr(VI)/
Cr(lll) was the lowest effective concentration that consis-
tently produced a complete abrogation of amplification.

(B) Representative gel showing PAL analysis of p53 target sequence | nerefore, we used this concentration for all remaining PAL

(1.5 kb) in Cr(VI)/Asc (left gel) or Cr(lll) (right gel) treated HLF

experiments.

DNA. The data are the mean and standard error from at least three Effect of Increasing Asc:Cr(VI) Molar Ratios on Cr(VI)

independent experiments.

with ethidium bromide and visualized using an Eagle Eye
gel documentation system (Stratagene, La Jolla, CA).
Measurement of Abasic Sites in Plasmid DNBR322
DNA (0.04 ug/ uL) was either treated with Asc and Cr(VI)
(0—240 uM) at molar ratios of 0.52 for 2 h at 37°C in
HEPES buffer or incubated in acid buffer (10 mM sodium
citrate, 10 mM sodium phosphate, 10 mM NacCl, pH 5.0)
for 10 min at 70°C as a positive control. Following
treatment, samples were filter-dialyzed into 10 mM HEPES/
100 mM potassium chloride and quantified fluorometerically.
Aliguots (40-50 ng) were digested with recombinahtcoli
endonuclease IVWifo (0.5 unit) (Trevigen, Inc., Gaithersburg,

Reduction, C+-DNA Binding, PAL, and ICLThe molar ratio

of Asc (and other reductants) to Cr(VI) in reactions can
significantly impact both the types of Cr-species generated
as well as the spectrum of genetic lesions that result from
Cr(VI) reduction. We investigated the impact of different
Asc to Cr(VI) molar ratios on the reductive metabolism of
Cr(VI), Cr—DNA binding, and formation of PALs and ICLs

in isolated DNA. The reduction of Cr(VI) (6@M) was
monitored in the presence of-020uM Asc (up to a 12:1
molar ratio) fa 2 h at 37°C. Figure 2A shows that the
concentration of unreacted Cr(VI) remaining following
incubation decreased with increasing Asc concentration. At
the Asc:Cr(VI) molar ratio of 0.5, only-40% of the Cr(VI)

is reduced to DNA-reactive metabolites, explaining the

MD) for 1 h. Both digested and uncut aliquots of each sample gifference in total adduct formation between Cr(vl) and

were mixed with 6 loading buffer and resolved on a 1%

Cr(ll) shown in Figure 1A. Asc:Cr(VI) molar ratios of 2:1

agarose gel for 2 h. DNA bands in gels were scanned andanq higher produced maximal Cr(V1) reduction.

quantified by spot densitometry. The ratio of open/nicked

The metabolic reduction of Cr(VI) generates DNA-reactive

plasmid to supercoiled was calculated and, assuming acy species that interact with both DNA bases and the stigar
random distribution of lesions, the number of abasic sites/ phosphate backbone2%). Although Cr(V) possesses an
plasmid was determined by the Poisson distribution as affinity for nucleic acids, the majority of GrDNA binding

described for the QPCR analysis.
Statistical AnalysisAnalysis of variance (ANOVA) was

ultimately involves Cr(lll) (6). We examined the effect that
increasing Asc concentrations had on totaFONA binding

utilized for establishing concentration-dependent effects (i.e., mono and bifunctional GDNA adducts) using human
(GraphPad Prism, GraphPad Software Inc., San Diego, CA).|ung fibroblast (HLF) DNA treated with 6&M SICr(VI).

RESULTS

Concentration-Dependent Formation of- €@DNA Adducts
and PALs.Initial experiments were designed to determine
concentration-dependent formation ofF<IDNA adducts and
PALs in isolated HLF DNA (0.04ug/uL). As shown in
Figure 1A,51Cr(VI) plus Asc, at a constant Asc:Cr(VI) molar

As shown in Figure 2B (line), CrDNA binding increased
in parallel with increasing Asc:Cr(VI) ratios up to P (<
0.05), which also produced~100% Cr(VI) reduction.
However, at Asc:Cr(VI) ratios greater than 2, a general
decreaseR < 0.05) in total C+-DNA binding was observed,
even though Cr(VI) reduction was complete.

To determine whether PAL formation was also sensitive

ratio of 0.5:1, produced a concentration-dependent increaseto changes in Asc concentration, we performed QPCR

in Cr—DNA adduct formation (6@:M = 20.5 Cr atoms/1.5

analysis on Cr-treated HLF DNA. Figures 2B (bars) and 2C

kb). For comparison, we performed identical reactions using (gel) show that PALs were maximal beginning at an Asc:
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Ficure 2: Relationship between increasing Asc:Cr(VI) molar ratios
on Cr(VI) reduction (A),5:Cr—DNA binding (B), PALs (B and
C), and ICLs (D). Cr(VI) (6QuM) was incubated with Asc at the
indicated molar ratios for 2 h. (A) Percent Cr(VI) remaining

O’'Brien et al.

Cr(VI) ratio of 0.5 (~1.0 PAL/1.5 kb= 38% amplification)
and gradually decreased at higher ratios (12:1 0.3 PAL/1.5
kb = ~80% amplification). The Asc:Cr(VI) ratio (2) that
led to the highest levels of €GiIDNA adducts (2-fold greater
than 0.5) did not produce significantly higher levels of PALs
than the 0.5 ratio. Treatment of DNA with either Cr(VI) or
Asc alone had no measurable effect on PAL formation (not
shown). Although maximal PALs were initially observed at
a ratio of 0.5:1, we obtained similar results at ratios up to
4:1.

ICLs have been hypothesized to be a primary polymerase
arresting lesion formed by carcinogenic Cr(VI) in cells and
DNA (12, 26. To relate ICLs to C+DNA adduct and PAL
formation, we treated pSV2neoTS DNA with GM Cr(VI)
at molar ratios of Asc:Cr(VI) identical to those shown in
Figure 2A and B. ICLs were detected using renaturing
agarose gel electrophoresis (RAGE) and Southern hybridiza-
tion (12, 18. As Figure 2D shows, interplasmid ICLs were
clearly visible under nondenaturing conditions (left panel)
as distinct bands that migrated with slower electrophoretic
mobility than linear plasmid DNA (dsDNA) and were
detectable at the lowest Asc:Cr(VI) ratio (0.25). Following
heat denaturing (right panel), ICLs were evident as bands
that still migrated as double-stranded DNA. Maximal DNA
cross-linking was observed between Asc:Cr(VI) ratios of 0.5
and 4 (80-90% dsDNA). At ratios of 0.54 (right panel),
the dsDNA exhibited an increased electrophoretic mobility
which may have been due to structural/electrochemical
alterations in DNA caused by extensive cross-linking under
denaturing conditions. Similar to the €DNA binding and
PAL data, Asc:Cr(VI) ratios above 4 led to a gradual
decrease in ICLs which was essentially absent at a 12:1 ratio.

Abrogation of Ck-DNA Binding by EDTA, Mannitol, and
MgCl. To further elucidate the role of direct EDNA
interactions in PAL development, we performed reactions
under conditions aimed at specifically inhibiting either
Cr(lll)— or Cr(V)—DNA binding or C—DNA—phosphate
interactions. EDTA, a strong chelator of Cr(lll) ionk,(=
10?4 (27), disrupts Cr(lll)-induced ICLs and DPCs under
alkaline conditionsZ8). At an Asc:Cr(VI) ratio of 0.5, EDTA
co-treatment led to a marked reduction in-CNA adduct
levels (Figure 3A). Specifically, adduct levels were reduced
from 26.2 Cr adducts/1.5 kb in the absence of EDTA to only
3.9, 1.3, and 0.4 Cr adducts/1.5 kb following co-treatment
with 0.1, 1.0, and 10 mM EDTA, respectively. Similar effects
were noted at an Asc:Cr(VI) ratio of 2 (data not shown),
which resulted in maximal CrDNA binding (Figure 2B).
EDTA co-treatment with Cr(lll) also effectively inhibited
Cr(1ll) —DNA binding in a concentration-dependent manner
(Figure 3A). Cr(lll) alone produced 85.5 Cr adducts/1.5 kb,
and 10 mM EDTA reduced Cr(lll) binding to 0.3 Cr adduct/
1.5 kb.

Cr(V) species have been implicated in the genotoxicity

following incubation with increasing Asc concentrations. (B) of Cr(VI), particularly at lower €2) Asc:Cr(VI) molar ratios

Comparison of QPCR target sequence amplification (bars) and total

51Cr binding (line) in HLF DNA. (C) Representative gel showing

(29). Mannitol, a hydroxyl radical scavenger, has been

QPCR analysis of the target sequence in Cr(VI)/Asc-treated HLF e€ported to decrease both -@DNA binding and PAL

DNA. (D) Detection of Cr-induced DNA interstrand cross-links in

formation in plasmid DNA 17). This finding was attributed

pSV2neoTS DNA by RAGE. One hundred nanograms of DNA to the ability of mannitol to stabilize/sequester reactive Cr(V)

was loaded per lane. PALs and ICLs were detected as describe

under Materials and Methods. dsDNA, double-stranded DNA
SSDNA, single-stranded DNA; ICLs, EDNA interstrand cross-

dspecies following the reduction of Cr(VI) by Asc. In the

present study, the simultaneous addition of mannitol with

links. All data points are the mean and standard error of at least Cr(VI) [Asc:Cr(VI) ratio of 0.5] markedly inhibited Cr

three independent experiments.

DNA binding (Figure 3B) from 26.2 Cr adducts/1.5 kb in
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FicURe 3: Modulation of 5XCr—DNA binding by EDTA (A),
mannitol (B) co-treatment or MgglC) pretreatment. DNA was
treated with Cr(VI) (6QuM) and Asc (30«M) (closed bars), or 60
uM Cr(lll) (open bars), for 2 h. The data are the mean and standar
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Ficure 4: Abrogation of PALs by EDTA, mannitol co-treatment
or MgCl, pretreatment. HLF DNA was treated with Cr(VI) (60
uM) plus Asc (30uM) (A), or 60uM Cr(lll) (B), for 2 h in the
presence of the indicated concentrations (mM) of EDTA or
mannitol. DNA was preincubated with the indicated concentrations
(mM) of MgCl, for 1 h prior to the addition of Cr(VI)/Asc or Cr-

(.

PALs Are Dependent upon Direct MetdDNA Phosphate
Interactions.Because C+DNA binding was significantly
altered by EDTA, mannitol, and Mg&lwe determined the
effect of these agents on PAL formation in HLF DNA. At
60 uM Cr(VI) [Asc:Cr(VI) ratio of 0.5], co-incubation with
0, 0.01, 1, or 10 mM EDTA reduced PAL formation in a
concentration-dependent manner (Figure 4A). For Cr(lll) (60
uM) (Figure 4B), inclusion of EDTA (0, 0.01, 1, 10 mM)
also led to a reduction in PALs. In the absence of Cr(VI)
and/or Asc, EDTA (10 mM) had no effect on the amplifica-
tion of the target sequence (data not shown).

The abrogation of C¢rDNA adduct formation by mannitol
(Figure 3B) implied that Cr(V) is a critical intermediate for
Cr—DNA interactions following Asc reduction. Figure 4A
shows that the co-addition of 1, 10, or 2100 mM mannitol to
reactions containing 60M Cr(VI) [Asc:Cr(VI) ratio of 0.5]

qalso reduced PAL production. Consistent with the DNA

error from at least three independent experiments. (* and ** indicate Pinding data (Figure 3B), mannitol had no effect on PAL

significantly different from controls aP < 0.05 andP < 0.01,
respectively.)

formation in HLF DNA from reactions containing &M
Cr(I) (Figure 4B), nor did it alone affect the amplification
of the target sequence (data not shown).

the absence of mannitol, to 22.3, 11.4, and 4.1 Cr adducts/ The results of our MgGICr—DNA binding experiments

1.5kbat 1, 10, and 100 mM mannitol, respectively. Similar
mannitol-dependent effects on -©DNA binding were
observed at higher Asc:Cr(VI) (2:1) ratios (data not shown).
In contrast to Cr(VI)/Asc, Cr(llI}>DNA binding was not
reduced by the presence of mannitol.

Cr(lll) and Cr(V) interact with DNA phosphate groups
which represent a potentially important component of Cr-
induced mutagenesid 1, 30, 3}. Mg?" ions are known to
bind specifically at DNA phosphate residu&). Preincu-
bation of DNA fa 1 h with increasing concentrations of
MgCl,, to allow for the complete formation of Mgg—DNA
phosphate complexes, reduced-ONA binding from 26.2

(Figure 3C) indicated that G{DNA phosphate complexes
were important CrDNA interactions. Preincubation with
MgCl, (10 mM) greatly decreased PAL development after
60 uM Cr(VI) [0.5:1 Asc:Cr(VI) ratio] or Cr(lll) treatment
of HLF DNA (Figure 4A and Figure 4B, respectively).
Similar results were observed in reactions containing Asc
and Cr(VI) at a ratio of 2 (data not shown). MgGlid not
affect the amplification of the target sequence in the absence
of Cr(IV) and/or Asc (data not shown).

Abrogation of ICLs by EDTA, Mannitol, and MgCIThe
interdependence of ICLs on €DNA binding was inves-
tigated following co-treatment with EDTA, mannitol, and

to 15.2, 6.1, and 2.2 Cr adducts/1.5 kb at 0, 0.1, 1.0, and 10MgCl.. Incubation of pSV2neoTS DNA with Cr(VI) (60M)

mM MqgCl,, respectively (Figure 3C). Mgglhad similar
inhibitory effects on C+DNA binding at Asc:Cr(VI) ratios
of 2:1 (data not shown). Similarly, oM Cr(lll) alone (or
with 0.1 mM MgCh) produced approximately 86 adducts/
1.5 kb in the absence of Mg&but only 51.2 and 13.0 Gr
DNA adducts/1.5 kb following pretreatment with 1 and 10
mM MgCl,, respectively.

[Asc:Cr(VI) ratio of 0.5] in the presence of EDTA or
mannitol or following pretreatment of DNA with Mggl
completely blocked ICL formation (Figure 5) at concentra-
tions that led to maximal inhibition of GrDNA binding and
PAL development (Figures 3 and 4, respectively). Specifi-
cally, we found that the amount of plasmid DNA migrating
as double-stranded was 55% in the presence of Cr(VI)/Asc,
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Non-Denatured Heat-Denatured
EDTA - -+ + - - - - - -+ o+ - - - -
Mannitol - - - -+ + - - - - - - + + - -
MgCl, - - - + + - - -+ 4+

Cr(VI) uM 0 60 0 60 0 60 0 60 0 60 0 60 O 60 O 60

dsDNA ICLs

i‘nm ssDNA

% dsDNA - N 05 0 0 0 0 012

Ficure 5: Effects of EDTA, mannitol, and Mggbn Cr-induced ICLs. DNA was treated as described in Figures 3 and 4, and ICLs were
detected by RAGE. dsDNA, double-stranded DNA; ssDNA, single-stranded DNA; ICLsDBA interstrand cross-links.
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FIGURE 6: Asc-mediated reduction of Cr(VI) alters the electro- < g2
phoretic mobility of plasmid DNA but does not result in DNA strand
breaks. pSV2neoTS DNA (0.Q4y/uL) was incubated with 6120 00 -

uM Cr(VI)/Asc [Asc:Cr(VI) ratio of 0.5] fa 2 h (lanes 3-8).
Samples (0.20.4 ug) were resolved electrophoretically on a 1% 0 75 15 30 60 120 *
agarose gel. Lanes 1, 2, and 3 contioi-linearized, untreated, Cr(Vl) uM

and vehicle control pSV2neoTS DNA, respectively. Form I: . . .
supercoiled. Form II; IOnicked/dimerized plasrTF])id. For%w Il con- FIGURE 7. Cr(VI)/Asc does not result in the extensive formation
catamerized plasmid of abasic sites. pPBR322 DNA (0.0dg/uL) was incubated with
' Cr(VI) and Asc [Asc:Cr(VI) ratio of 0.5], washed and digested with
endonuclease IV for 1 h, and resolved on a 1% agarose gel for 2

. h. Acid/heat (70°C)-mediated depurinationH) was used as a
was completely absent after EDTA or mannitol co-treatment, positive control in all gels. Data are the mean and standard error

and was 12% after Mgglpretreatment. from two independent experiments.

The Reduction of Cr(VI) by Asc Does Not Lead to DNA
Strand BreaksCr(VI) reduction can potentially produce a ~ The Reduction of Cr(VI) by Asc Does Not Result in the
variety of intermediate oxygen and carbon-based radical Formation of Abasic Sitesn vitro data suggested that Cr(V1)
species that are capable of producing DNA strand breaksreéduction may lead to the generation of abasic sites in DNA
(8, 14). Such lesions could reduce the amount of amplifiable (34—36). Because a significant number of abasic sites could
template DNA leading to polymerase arrest in in vitro theoretically impair the amplification of the target sequence

replication assays. To evaluate the formation of DNA strand N the QPCR assay, we measured the incision of abasic sites
breaks in our study, we monitored the relaxation of super- I CT(VI)/Asc-treated [Asc:Cr(VI) ratio of 0.5] pBR322 DNA

coiled plasmid DNA following Cr(VI) treatment [Asc:Cr(VI) bY thek. coli AP e_ndonuclease Vo). AS can be seen in
ratio of 0.5]. As seen in Figure 6, increasing Cr(VI) Flgure 7, Cr(Vl) did not .produce any §|gn|f|cant Increases
concentrations impeded the mobility of supercoiled (form ml end.c:jnucleasetl\r{_- Sﬁnsmve atbat;|c lesions.L e:jbgs;c S'tet/

1) pSV2neoTS DNA which has previously been attributed plasmid) even at high concentrations (}2@ and data no

to Cr—DNA binding (33). However, no concomitant decrease ﬂl(ggvrngk(?eiascélfzchaifgrfgf:-;(:j ![r; tf:g dﬂ::?zg;(seisgi?eszéoat?a
in the intensity of form 1l (nicked/dimerized) or linearized P

not shown). In contrast, DNA incubated in acid buffer at 70

plasmid was observed, indicating that ne!ther single- NOF > led to a marked increase in abasic site6.8 abasic site/
double-strand breaks were produced during the reaCt'On’plasmid)

respectively. Even conditions [Asc:Cr(VI) molar ratio of 2]

that led to complete Cr(VI1) reduction and maximaHIINA DISCUSSION

binding failed to reveal detectable DNA strand breaks (data  The in vitro base-specific arrest of DNA polymerases on
not shown). Because EDTA, mannitol, and MgGill  Cr-treated plasmid DNA has been well-documenti) (8,
produced similar decreases in-@DNA adduct levels and  19). Although Cr(VI) reduction produces several types of
PAL, we also examined the mobility of pSV2neoTS treated DNA lesions, neither Gkmonadducts nor GtDPC (GSH)
with Cr(VI)/Asc. All three treatments reversed the retardation interfere with polymerase progressio20). One lesion

of supercoiled plasmid DNA resulting from Cr(VI) treatment produced directly by Cr, a DNACr—DNA interstrand cross-
(data not shown). link (ICL), has been associated with the base-specific
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obstruction of DNA polymerase replicative activity, 18. of alterations in C+DNA binding (20).

Other lesions (oxidized bases, DNA strand breaks, AP sites) The interaction of M§" with negatively charged DNA
produced by Cr(VI) reduction could also result in the arrest phosphate groups is important in the stabilization of DNA
of DNA polymerases in in vitro replication assaylb( 21, structure 82). Similarly, the affinity of electropositive
22). However, little information is available that describes chromium for DNA phosphates has also been described
the relative contribution of these lesions to Cr-induced which may involve chelation of Cr by the oxygen atom of
polymerase arrest. The aim of this investigation was to phosphateq, 16, 3Q. Indeed, an abrogation of EDNA
determine the role of GfrDNA binding and ICLs in the binding has been observed in reactions containing phosphate
development of PALs. Our data strongly suggest that PALs buffer (33) or in DNA pretreated with MgGl| suggesting

primarily result from ICLs, and not DNA strand breaks or

that Cr(II1)-DNA phosphate interactions may be an impor-

AP sites. Furthermore, the data indicate that phosphatetant aspect of Cr genotoxicitB{, 39. In the present study,

moieties may play an important role in-€DNA interactions
including ICL formation.

An apparent association was observed betweerDDIA
binding and the development of PALs in this study. QPCR
analysis indicated that 6@M Cr(VI) generated approxi-

it is intriguing that MgC} pretreatment greatly reduced-€r
DNA binding and PAL formation (Figures 3 and 4, respec-
tively). Interestingly, a small amount of cross-linked dsDNA
(12%) remained following MgGlpretreatment (Figure 5),
which may constitute ICLs exclusively involving DNA bases.

mately -2 PALs per 1.5 kb. At this concentration, we also Previous work has implicated the Cr-induced PALs as
detected 2630 Cr—DNA adducts per 1.5 kb. Based on these guanine-specific lesiond®). Thus, we are intrigued that the
data, we estimate that less than 10% of-ONA adducts present study provides evidence that-ONA phosphate
participate in the development of polymerase arrest. More- interactions play a surprisingly instrumental role in the
over, the data in Figures 2 and 5 strongly indicate that ICLs bifunctional adduction of Cr to DNA. Perhaps one explana-
are the primary lesion responsible for Cr-induced polymerasetion may be related to recent work that has provided several
arrest in reactions carried out in HEPES buffer and using possible structures for phosphate-basee-[0KA mono-
Asc as the reductant. ICLs have been detected in human celladducts 83) and evidence for an N-7 guanir€r—
treated with Cr(VI) 26), and we have recently shown that phosphate chelatd ). The existence of such a novel lesion
both human cells37) and yeast (T. O’'Brien, unpublished supports the idea that an ICL involving both DNA phosphate
data) deficient in ICL repair are hypersensitive to Cr(VI). and base moieties is plausible. Detailed structural analysis
Collectively, these data suggest that ICLs may play an of Cr—DNA interactions is required to further elucidate the
important role in Cr-toxicity and possibly mutagenesis. exact nature of bifunctional GDNA adducts involving
However, more detailed, quantitative in vivo analysis is DNA phosphate.
required to conclusively identify ICLs as the primary lethal  In vitro replication assays (primer extension, PCR) are
lesion formed by Cr in cells. highly sensitive means for identifying lesions that prevent
The relative amount of high-valent Cr intermediates polymerase progression on template DNA. While we hy-
[Cr(IV)ICr(V)], carbon-based and ascorbyl radicals produced pothesize that ICLs are the primary PAL formed by Cr, other
during the reduction of Cr(VI) by Asc is highly dependent lesions could potentially produce similar results. DNA strand
upon the relative ratios of reactants and buffer composition breaks in either one or both strands could significantly
(29, 38. In HEPES buffer, the production of Cr(V) and impede replication of template DNA. Although Cr(VI)
carbon-based radicals derived from Asc linearly increasesreduction generates strand breaks, we failed to observe these
with Asc:Cr(VI) ratios up to 1, but rapidly decreases above lesions using the common supercoiled plasmid relaxation
this level which, instead, favors the two-electron reduction assay. Even at a 2:1 Asc to Cr(VI) ratio, which produced

of Cr(VI) directly to Cr(IV) (29). In addition, the production

of PALs and ICLs is sensitive to the ratio of Asc to Cr(VI)
(Figure 2) @2). Although we did not observe the complete
abrogation of C-DNA binding as Stearns et al. reported
(29), our data are still consistent with that investigation in
that increasing the molar ratio of Asc to Cr(VI) beyond 2
led to a general reduction in EDNA adducts (Figure 2B).

It is likely that, at these higher relative levels of Asc, more

maximal Cr-DNA binding (Figure 2B), no strand breaks
were detected (data not shown). Although bypass DNA
polymerases can insert bases opposite AP sites in template
DNA (40), these lesions have been reported to caleg
polymerase stoppag@l, 29. Several studies have reported
the production of abasic sites in Cr-treated DNIB( 39.
However, we were unable to detect any concentration-
dependent increases in AP sites that were sensitive to

coordinate sites on Cr are occupied by Asc and, thus, preventendonuclease IV (a class Il AP endonuclease) digestion,

further C—DNA interaction. Recent work has estimated that
the formation of Ase-Cr—DNA cross-links accounts for
approximately 25 and 6% of the total €DNA adducts in

in vitro treated DNA and DNA isolated from A549 lung
carcinoma cells, respectivelg9). Our study found that at
Asc:Cr(VI) ratios of 12, fewer PALs were observed com-
pared to a ratio of 0.5 (Figure 2). The -€DNA binding

indicating that these lesions are not significantly formed by
the Asc-mediated reduction of Cr(VI). Our results are similar
to those previously reported for the reduction of Cr(VI) with
Cys, which also failed to result in abasic site generat&8). (
Cells do not exhibit any active efflux mechanisms for the
removal of Cr(lll) and, therefore, can accumulate the metal
(41) to intracellular concentrations as high as 1 mM following

data and the fact that PAL and ICL formation was reduced treatment with genotoxic levels of Cr(VIB). Moreover,

at increasing molar ratios of Asc:Cr(VI) suggest that higher
relative concentrations of Asc interfere with the formation
of both mono- and bifunctional Gi{DNA adducts. We have

reported similar results with higher concentrations of glu-
tathione, which inhibited both PALs and ICLs, independent

intranuclear concentrations of Cr have been shown to be
significantly greater than the extracellular mediuA®)(
Although the intracellular levels of Asc can vary, attainment
of millimolar concentrations has been reportet8{45).
Based on the data from this and other studies, we have



12536 Biochemistry, Vol. 41, No. 41, 2002

Initial Exposure

High Asc:Cr(VI)
e

O’'Brien et al.

Cytosol

.. ucleus
Cr3+_( Asc )21 \

Cr-(Asc),

Genetic Lesions
| Cr-DNA Monoadducts

TAsc-Cr-DNA Adducts
No ICLs/PALs

\

Low Asc:Cr(VI)

3+
Tlcrllc‘ l[ASCReduced]IC Cr-Asc

Cré+

Accumulation Over Time

« . Genetic Lesions
L el " 1Cr-DNA Monoadducts
cr |Asc-Cr-DNA Adducts |
1e-T A e TICLs/PALs /
Cr4+ ®
Asc
1e
1e R
_— Cr5+ ..

Ficure 8: Proposed model of €iDNA interactions following Asc reduction within a Cr(VI)-treated cell. Hypothetical relative contribution

of each Cr species to DNA damage is portrayed by arrow thickness. The dotted arrow implies a relatively minor contribution. The known
contribution of other intracellular reductants is discussed in the text, but not portrayed. Note that all metabolic pathways are drawn in the

cytosol for clarity (C#~ = Cr—DNA monoadducts; Gr—Asc = Asc—Cr—DNA adducts; C¥"—(Asc), = Cr—Asc complexes).

proposed a model that describes the dynamic interrelation-

ships that exist between various -IDNA lesions and
different Asc:Cr(VI) molar ratios within naive cells treated
with Cr(VI) (Figure 8, upper panel). In this model, im-
mediately following exposure to a relatively noncytotoxic
concentration of Cr(VI), the intracellular Asc:Cr(VI) molar
ratio would be extremely high with the majority of chromate
residing in the extracellular milieu and entering the cell
through nonspecific anionic transporters @6). At these
ratios (>4:1), the kinetically favored reduction of Cr(VI) by
an excess of Asc would follow an initial two-electron
pathway leading to the formation of a transient Cr(IV) species
and ultimately Cr(lll) @9, 39. These initially high
Asc:Cr(VI) ratios would result in the extensive formation
of both Cr(lll)—(Asc), complexes, which display a low
affinity for DNA, and a significant amount of AseCr—
DNA complex/ternary adducts39). A general decrease in
absolute C+DNA binding would be observed with lower
levels of binary C+DNA monoadducts and an almost
complete abrogation of ICL and PAL formatio29, 39.
We propose that, in addition to Cr(IH{Asc), complexes,
the preferential formation of AseCr—DNA ternary adducts
is a primary factor responsible for the prevention of Cr-
induced ICLs (PALSs) by inhibiting the interaction between

Cr(lll) and the base (guanine)/phosphate of the complemen-

tary DNA strand. Therefore, Asc [at high Asc:Cr(VI) ratios]

would initially provide a cyto-protective role based on
sequestration of reactive Cr(lll) and prevention of potentially
toxic ICLs (PALs). However, the abrogation of ICL forma-
tion would be at the expense of producing Astr—DNA
cross-links which may exhibit increased mutagenic potential
(39).

As more Cr accumulates within the cell, and reduced Asc
is depleted, a gradual shift toward a lower Asc:Cr ratio would
be expected (Figure 8, lower panel). Consequently, the
spectrum of Cr-associated DNA damage will favor the
development of both mono- and bifunctional <IDNA
adducts (ICLs) and ternary As€Cr—DNA monoadducts as
observed at ratios of 054 in this and other in vitro studies
(29, 39. Potentially mutagenic, but not polymerase arresting,
Asc—Cr(lll) —DNA ternary adducts would also be produced
at these lower Asc:Cr(IV) ratios, but would not represent
the predominant DNA base modificatioBj. Lower relative
Asc:Cr(VI) ratios would also favor a one-electron reduction
mechanism which would result in the formation of DNA-
reactive Cr(V) intermediate§ (29 (Figure 8, lower panel).
Not shown in Figure 8, as intracellular reduced Asc levels
are lowered, a transition toward a thiol-mediated (GSH,
cysteine) reductive pathway would be anticipated. Such a
mechanism would lead to the extensive formation of
protein—Cr(Ill) —DNA cross-links which preclude ICL/PAL
development Z0), but are mutagenic3(, 33. Therefore,
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the relative impact that multiple reductants (Asc, GSH, Cys) 20.O'Brien, T., Xu, J., and Patierno, S. R. (20049!. Cell. Biochem.
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may have on this process is likely to be significant, but not 21. Barnes, W. M. (1994proc. Natl. Acad. Sci. U.S.A. 92216
known at this time. 2220.

Although a complex array of genetic lesions is produced 22. Fromenty, B., Demeilliers, C., Mansouri, A., and Pessayre, D.
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