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Non-Oxidative Mechanisms Are Responsible for the Induction of Mutagenesis by
Reduction of Cr(VI) with Cysteine: Role of Ternary DNA Adducts in
Cr(ll)-Dependent Mutagenesis
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ABSTRACT: Intracellular reduction of carcinogenic Cr(VI) generates-ONA adducts formed through

the coordination of Cr(lll) to DNA phosphates (phosphotriester-type adduct). Here, we examined the role
of Cr(lll) —DNA adducts in mutagenesis induced by metabolism of Cr(VI) with cysteine. Reduction of
Cr(VI) caused a strong oxidation of,Z-dichlorofluoroscin (DCFH) and extensive €DNA binding but

no DNA breakage. CrDNA adducts induced unwinding of supercoiled plasmids and structural distortions

in the DNA helix as detected by decreased ethidium bromide binding. Propagation of Cr-treated pSP189
plasmids in human fibroblasts led to a dose-dependent formation auiilemutants and inhibition of
replication. Blocking of Cr(llI>>DNA binding by occupation of DNA phosphates with ftgor by
sequestration of Cr(lll) by inorganic phosphate or EDTA eliminated mutagenic responses and restored a
normal yield of replicated plasmids. Dissociation of Cr(lll) from DNA by a phosphate-based reversal
procedure returned mutation frequency to background levels. The mutagenic responses at the different
phases of the reduction reaction were unrelated to the amount of reduced Cr(VI) but reflected the number
and the spectrum of Cr(IjDNA adducts that were formed. Ternary cystet@r(lll) —-DNA adducts

were approximately 45 times more mutagenic than binary Cr(HDNA adducts. Although intermediate
reaction products (CrV/IV, thiyl radicals) were capable of oxidizing DCFH, they were insufficiently reactive

to damage DNA. Single-base substitutions at G/C pairs were the predominant type of Cr-induced mutations.
The majority of mutations occurred at the sites where G had adjacent purine in ¢nes3position.
Overall, our results present the first evidence that CHIDNA adducts play the dominant role in the
mutagenicity caused by the metabolism of Cr(VI) by a biological reducing agent.

Human exposure to hexavalent Cr compounds has beerprotein and interstrand DNADNA cross-links were also
firmly linked with the induction of respiratory cancers~ detected in exposed cells; however, these lesions are
3). Industrial exposure to Cr(VI) occurs in several dozens relatively rare 14—16). Ternary DNA-Cr(lll) —amino acid
of occupational groups, and there are also concerns aboutdducts are formed through inner-sphere coordination to the
environmental exposure from Cr(VI)-containing waste sites oxygen atom of the phosphate group with no evidence for
and contaminated water supplid3. Cr(VI) exists in aqueous  direct binding to basesl{, 18).
solutions as chromate anion that is isosteric with sulfate and Reductive metabolism of Cr(VI) is associated with the
phosphate. The structural similarity to these biologically production of a variety of intermediate species including Cr-
important anions allows rapid uptake of chromate through (V), Cr(IV), and thiyl and carbon-based radicald{-21).
the general anion channels. Inside the cell, Cr(VI) is reduced Oxidation of DNA by these unstable species has been
to Cr(lll) that is the final oxidative form of Cr in all proposed as a potential pathway for the formation of
biological systems. This reductive process is believed to be mutagenic damage2®, 23). Another mechanism for the
largely nonenzymatic and driven by low molecular weight induction of mutagenesis involves the production of Cr{tll)
thiols and ascorbates{-7). Genetic alterations induced in  DNA adducts. It has recently been found that ternary DNA
cells by treatment with Cr(VI1) include chromosomal abnor- adducts formed in the reaction of Cr(lll) with glutathione
malities and mutations8(-12). The most abundant form of  or amino acids were mutagenic in human celd)( Binary
DNA damage produced by exposure of cells to Cr(VI) are Cr(lll) -DNA complexes caused minimal mutagenicity3Cr
ternary complexes of Cr(lll) with amino acids and glu- has a complex aqueous chemistry producing an assortment
tathione (3). The predominantly cross-linked amino acids of complexes with water and hydroxyl ions that differ in
were cysteine (Cys) histidine, and glutamic acid. DNA the reactivity and solubilityd5). Given this heterogeneity
of Cr(lll) complexes, it was important to examine the
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biologically relevant source of Cr(lll) complexes. The L-cysteine (without dithiotreitol) were from Amersham
relative importance of Cr(lll-DNA adducts in the induction ~ (Arlington Heights, IL). Supercoiled and relaxed forms of
of mutagenic responses by reduction of Cr(VI) has also not ®X174 DNA were obtained from New England Biolabs
been determined. (Beverly, MA). L-cysteine was from Gibco. The pSP189
To address the biological significance of Cr(tHDNA plasmid was a gift from Dr. M. Seidman. Large-scale
binding resulting from metabolism of Cr(VI), we examined preparations of pSP189 plasmid were done using a kit from
formation of mutagenic DNA damage during reduction of Qiagen (Valencia, CA). HF/SV cells were from Dr. H. Ozer.
Cr(VIl) by Cys. Among intracellular thiols, Cys has the NaOH was used to adjust pH of MOPS buff€aution: Cr-
highest rate of Cr(VI) reductions( 7). The stoichiometry  (VI) compounds are human carcinogens and appropriate
of this reaction is described as follows: precautions should be taken in handling of these materials.
Purification of Reagent Solution3race amounts of Fe
2Cr,0,7” + 6Cys+ 10H" = 2Cr*" + 3cystine+ 8H,0 and Cu were removed from stock solutions of Cys and all
) ) buffers by chromatography on Chelex-100 columns. Ap-
Cys and glutathione are probably responsible for the bulk proximately 0.5 mL of Chelex-100 resin was added to plastic
of Cr(VI) reduction in cultured cells since ascorbate is Not 1-mL columns (Bio-Rad) and then washed with 5 mL of
essential for growth and is typically undetectable in cells in g 5 M puffer (pH 7.0). The choice of buffer was dictated by
vitro (26). On the basis of the relative rates of Cr(Vl) the subsequent reaction conditions. Residual buffer was
reduction b, 7), Cys is expected to be a predominant reducer removed from columns by centrifugation at 1§@0r 2 min
when the glutathione-to-Cys ratio is less than 5. CHO cells i, 5 swing-bucket rotor. After loading a reagent solution (100
have been the mostly widely used in the analysis of Cr(VI)- mm Cys or 0.5 M buffer) in a total volume of 0.5 mL,
induced DNA damage, and these cells have a ratio of columns were inverted several times and allowed to stand
glutathione to Cys of approximately 2:13). We have found oy 10 min at room temperature. Purified solutions were
that peripheral blood lymphocytes isolated from Cr(VI)- qrained from columns by gravity. Neutralization of Chelex
exposed welders had a ratio of about 3:1 indicating that Cys, resin was critically important for avoiding of oxidation of
not qutathlo'ne, is likely to .be the most important thiol for Cys during purification. Use of unpurified Cys solutions led
the metabolism of Cr(VI) in these cells (M. Goulart, G. g 3 high background mutagenic responses in the absence
Quievryn, and A. Zhitkovich, unpublished observations). of cr(vI). Cys solutions were used within 30 min after
Recent experiments with animals that were unable to purification.
synthesize vitamin C and whose glutathione levels were Chromium(VI1) Reduction and Oxidation of 2-Dichlo-
depleted through pharmacological means suggested that Cysgyfiyoroscin (DCFH).Reduction of Cr(VI) was followed by
may also play a significant role in metabolism of Cr(VI) in  the disappearance of chromate absorbance at 372 nm. The
vivo (27). Although the role of nonprotein thiols in the reaction mixture contained 25 mM buffer (pH 7.0), 2 mM
reduction of Cr(VI) will be less significant in tissues that Cys, and 5Q:M Cr(VI). The reduction process was initiated
are rich in ascorbates( 28), Cys can still participate in the by the addition of 0.5 mL of 102M Cr(VI) solution to 0.5
formation of biologically important coordinate complexes L of 2x buffer/Cys mixture. Samples were incubated at
with Cr(lll). For example, Cys has been found to be actively 37 °c in an electronically controlled cuvette holder of
cross-linked to chromosomal DNA after exposure of cells gchimadzu UV1601 spectrophotometer.

to Cr(Vl) (13). Formation of these ternary Cy€r(lll)—  Oxjdation of DCFH was used as a test for production of
DNA adducts represents another mechanism through whichgyiqants during Cr(VI) reduction. The experimental proce-
Cys could contribute to the induction of genotoxic effects e was adopted from Martin et al29) with some

by Cr(V1). _ _ modifications Stock solutions of DCFH-diacetate were
In this work, we have fou_nd that Cys-driven metabolism prepared in ethanol and stored in small aliquots-86 °C.

of Cr(V1) led to the formation of DNA damage that was  activation of the dye was done by incubation with 10 mM

mutagenic during replication in diploid human cells. Ternary NaOH for 30 min followed by neutralization with 10 vol of

cysteine-Cr(lll) ~DNA and binary Cr(lll}-DNA adducts 25 mM Chelex-treated sodium phosphate buffer, pH 7.0. A

were identified as the principal mutagenic lesions. No DNA  giandard reaction mixture contained M activated DCFH,
damage resulting from oxidative mechanisms was detectedas m\ puffer (pH 7.0), 2 mM Cys, and various concentra-
despite the formation of a strong fluorescence signal of the tions of chromate. All reactions were carried out in 96-well
oxidant-sensitive probé,Z'-dichlorofluoroscin (DCFH). The plates kept at 37C in a SpectraFluor Plus microplate
results provide the first unambiguous evidence for the critical fiyorometer (Tecan). Fluorescence was measured with 485-
importance of the Cr(lll) pathway in the generation of [ excitation and 535-nm emission filters.
genotoxic damage arising from the metabolism of carcino-  pna ElectrophoresisA standard reaction contained 0.25
genic Cr(VI) by a biologically relevant reducer. ug of plasmid DNA (X174 or pSP189), 2 mM Cys, and
various concentrations of Cr(VI) in 25 mM MOPS or sodium
EXPERIMENTAL PROCEDURES phosphate buffer (pH 7.0) in 28 volume. Samples were
Materials. Calf thymus DNA (type 1) and all reagents for incubated at 37C for 60 min and then placed on ice, mixed
electrophoresis were from Sigma (St. Louis, MO). Chelex- with 6x Ficoll buffer (15% Ficoll 400, 0.25% bromphenol
100 resin (200 mesh), Bio-Gel P-30 columns, and cuvettesblue, 0.25% xylene cyanol) and loaded onto 1% agarose
for electroporation were purchased from Bio-Rad (Hercules, gels. Electrophoresis was performed in a buffer containing
CA). K;CrOy4 (A.C.S. reagent) was from Aldrich (Milwaukee, 50 mM Tris-acetate and 1 mM EDTA (pH 8.0). Gels were
WI), 2',7-dichlorofluoroscin diacetate was supplied by stained with ethidium bromide, and then photographed under
Molecular Probes (Eugene, OR). Ri&€rO, and F°S]-labeled UV illumination using a Bio-Rad GelDoc 2000 documenta-
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tion system. Digital images of DNA gels were quantitatively
analyzed using Quantity One software (Bio-Rad). Positive
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incubated for the different periods of time at 37. Released
Cr(lll) was removed by a passage through P-30 columns,

controls for DNA strand breakage were generated by and purified DNA was assayed for Cr or used for mutagen-

incubation of plasmid DNA in 25 mM MOPS buffer (pH
7.0) containing 1M FeCk and 50QuM ascorbate. Samples
were incubated at 37C for 60 min followed by the addition
of 10 mM EDTA and purification of DNA by the Bio-Gel
P-30 chromatography. Digestion of pSP189 DNA véitoR|

esis experiments. A control set of Cr-adducted DNA was
incubated in 50 mM MOPS (pH 7.0). The amount of DNA-
bound Cr was determined using trace amountsS&Er]-
labeled chromate.

Shuttle-Vector Mutagenesikn SV40-based pSP189 plas-

was done according to the manufacturer's recommendationsmid containing thesupFgene as a mutagenic target was used

(New England Biolabs).
Ethidium Bromide Binding Assagheared calf thymus

in shuttle-vector mutagenesis experime®®(The plasmid
contains the SV40 origin of replication and large T-antigen,

DNA was used in these experiments to avoid confounding which permits replication of this plasmid in any human cell

effects of unwinding of supercoiled DNA molecules on the
extent of ethidium bromide binding. Prior to use, DNA was
additionally purified by treatments with RNase A (109/
mL, 37 °C, 60 min) and proteinase K (0.2 mg/mL, 3G,
overnight) followed by two phenol/chloroform extractions.
The reaction mixture contained g of DNA, 0—400 uM
K2CrQ,, 2 mM Cys, and 25 mM MOPS (pH 7.0). A control
set of samples additionally contained 5 mM EDTA. The
reaction volume was 100L. Samples were incubated for
60 min at 37°C for 1 h, and then the volume was brought
to 200uL by the addition of 0.4 M KCI, 5 mM EDTA (final

line. The presence of a unique 8-bp signature sequence in
each individual plasmid molecule allows determination of
sibling mutants following sequencing. Replication of the
adducted and normal plasmids was performed in human
diploid fibroblasts immortalized with SV40 virus (HF/SV
cell line). Mutant selections were performed uskEscheri-
chia coli MBL50 strain (a gift from Dr. C. Pueyo). This
indicatorE. coli strain has two amber mutations suppressed
by thesupFgene: araC andlacZ (32). Mutation in thearaC
gene allows selection of the colonies with a mutategF
gene on media containingarabinose. Amber mutation in

concentrations), and various concentrations of ethidium the lacZ gene permits white/blue color screening of colonies.
bromide. Fluorescence measurements were taken followingCr-treated or control plasmids were transfected into the cells
a 10-min incubation at room temperature. To test the using TransFast transfection reagent (Promega) according
presence of potential interactions between Cr(lll) and to manufacturer's recommendations. A morphological as-

ethidium bromide, we measured fluorescence of the free dyesessment of the cells-B days after the transfection indicated

(20 uM) in samples that contained 2 mM Cys and4D0
uM Cr(VI) but lacked DNA. Fluorescence readings were
found to be essentially identical in all samples (2004.3%

that transfection efficiency was close to 100%. Cytotoxicity
determined by the number of the detached cells typically
was less than 20%. After 4248 h propagation time,

range relative to control). All fluorescence measurements plasmids were recovered from cells by a plasmid isolation
were obtained using 530-nm excitation and 595-nm emissionkit from Qiagen. DNA was precipitated with ethanol and

filters of SpectraFluor Plus microplate fluorometer.
Formation of CDNA Adducts.A standard reaction
mixture (final volume= 50 uL) contained 25 mM MOPS
buffer (pH 7.0), 2 mM Cys, g of pSP189 DNA, and
various concentrations of &rO,. Samples were incubated

dissolved in deionized ¥. Plasmids were electroporated
into the indicator bacteri&. coli MBL50 according to
Hanahan et al.33). The total number of transformants was
determined on the minimal agar plates containingu@®
mL ampicillin and 0.5ug/mL chloramphenicol. Mutant

at 37°C for 60 min, and unreacted Cr and Cys were removed selection was performed on plates additionally containing 2

by chromatography on Bio-Gel P-30 columns. DNA-contain-
ing solutions were supplemented with 200 mM NacCl, and
then 2 vol of cold 100% ethanol was added. DNA was
precipitated overnight at 4C, collected by centrifugation
(1400, 10 min, 4°C), and then washed 3 times with 70%
ethanol. Ethanol precipitation in the presence of 200 mM
NaCl removes Cr(lll) complexes that are ionically associated
with DNA (30). Air-dried DNA pellets were dissolved in
sterile deionized KD and then used either for cell transfec-
tions or quantitation of DNA adducts. Some Cr(VI) treat-
ments of DNA were also performed in 25 mM sodium
phosphate buffer (pH 7.0) or in MOPS buffer supplemented
with 5 mM EDTA. Blocking of DNA phosphate sites was
performed by preincubation of DNA with 10 mM Mggl
for 10 min prior to the start of Cr(VI) reduction. Amounts
of DNA-bound Cr and Cys were quantified using radiola-
beled PCr]NaCrO, and F°S]L-cysteine, respectivelylg).
Dissociation of Cr(lll)'>"DNA AdductsThe formation of
Cr—DNA adducts was performed with 50M Cr(VI) in

mg/mL L-arabinose. Mutation frequency was calculated as
the ratio of ampicillin/arabinose-resistant to ampicillin-
resistant colonies in each sample.

Sequencing of Mutantdutant colonies were obtained
from samples treated with 50M Cr(VI) which typically
resulted in at least 10-fold increase in mutation frequency
over background. The mutait coli colonies were inocu-
lated into 2 mL of LB medium containing 5@g/mL
ampicillin, and the cultures were incubated at 3C
overnight. Plasmids were isolated as described above, and
0.5—-1 ug of DNA was used in the sequencing reaction. The
supF gene was sequenced using an ABI Prism 377 DNA
Sequencer (Perkin-Elmer). The sequencing primer corre-
sponding to the positions 48894908 of the pSP189 plasmid
was 3-GGCGACACGGAAATGTTGAA-3.

RESULTS

Reduction of Cr(VI) and Formation of DCFH-Oxidizing
SpeciesThe disappearance of Cr(VI) in the presence of 2

MOPS buffer as described above. Unbound Cr was removedmM Cys exhibited a single component kinetics with half-

by the Bio-Gel P-30 chromatography followed by the

ethanol/NaCl precipitation. Cr-adducted plasmids were dis-

solved in 50 mM sodium phosphate (pH 7.0) and then

life of approximately 10 min in MOPS buffer (Figure 1).
Reduction of Cr(VIl) in MOPS buffer was essentially
complete after 60 min. Addition of Mg ions had no effect
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Ficure 1: Reduction kinetics of chromate in the presence of 2
mM cysteine. Reactions were carried out at & with 50 uM
chromate in 25 mM sodium phosphate, pH 7.0, and in 25 mM
MOPS, pH 7.0, alone or supplemented with 10 mM Mgai 5
mM EDTA.

—m— Control

15000+ —e Mg

—4— EDTA

on the rate of reduction, whereas reactions performed in the 10000+

presence of 25 mM phosphate or 5 mM EDTA had
approximately 26-25% slower reduction rates. The time-

course of DCFH oxidation in MOPS buffer by three

concentrations of Cr(VI) showed increased production of
oxidizing species upot 1 h of incubation (Figure 2, panel

A). There was little or no increase in the oxidation of DCFH 0 50 100 150 200
at later time points, which was consistent with the results of Cr(VI), uM

Cr(VI) reduction based on chromate absorbance measure- » M

. . . . . cysteine. All reactions were done at 3Z in 25 mM MOPS, pH
different time points examined (Figure 2, panels A and B). 73_/0_ (A) time-course; (B) influence of Mg ions and EDTR on

Addition of Mg?" ions did not change the extent of DCFH  oxidation of DCFH. Shown are meassSD of 3-6 independent
oxidation, whereas EDTA increased the overall level of measurements. Where not seen, error bars were smaller than the
oxidants (Figure 2, panel B). The oxidation of DCFH by data symbols.
Cr(VI1)/Cys mixtures in the phosphate buffer was also higher
relative to MOPS, and it was similar to EDTA-containing Migration properties of relaxed pSP189 molecules. To
samples (not shown). The comparison of the rate of chromateovercome this problem, we utilized commerci@X174
reduction and the extent of DCFH oxidation under different plasmid preparations that contained only monomeric forms
buffer conditions points to the inverse relationship between (Figure 3, panel B). The amount of nicked plasmid molecules
these two parameters; however, additional experimentation(form 1) was similar in all samples demonstrating the
is needed to confirm this correlation. absence of DNA strand breakage even at very high Cr(VI)
Structural Changes in Cr-Modified DNAlectrophoretic concentrations. The overall decrease in the rate of migration
analysis of plasmid DNA was performed to examine induc- Of supercoiled DNA was much greater in comparison to
tion of conformational changes and strand breakage following relaxed DNA which could reflect either a much higher
reactions with Cys/Cr(VI) mixtures. Incubation of the number of C+DNA adducts or unwinding of supercoiled
pSP189 DNA during reduction of Cr(VI) in MOPS buffer plasmids. To test whether this was caused by different levels
resulted in a slower electrophoretic mobility of adducted Of Cr—DNA binding, we examined formation of €DNA
plasmids, with particularly noticeable changes for all super- adducts using supercoiled and relaxed formsdof174
coiled forms (Figure 3, panel A). These differences in DNA. Levels of Cr adducts in relaxed DNA preparations
electrophoretic mobility were caused by the formation of Cr ~ relative to supercoiled DNA formed following incubations
DNA adducts since samples containing the Cr(lll) chelator With 25, 50, 100, or 20@M Cr(VI) were 91.7, 107.1, 99.8,
EDTA had unaltered mobility of plasmid bands. The and 93.2%, respectively (mean 98.0 = 6.1%). Thus,
comparison between EDTA-containing and EDTA-free reac- differences in the electrophoretic mobility of Cr-treated
tions also shows that EDNA binding leads to a diminished ~ supercoiled and relaxed DNA molecules are caused by a
intensity of ethidium bromide staining. The amount of the greater sensitivity of the supercoiled DNA conformation to
monomeric supercoiled DNA (form 1) was similar in all modifications of the phosphate backbone by Cr(lll).
samples suggesting a lack of DNA strand breakage. The Induction of structural changes in Cr-adducted DNA was
pSP189 plasmids are typically isolated as a mixture of the further investigated by the ethidium bromide-binding assay
supercoiled forms of the monomeric and dimeric molecules (35, 36). The amount of DNA-bound ethidium bromide was
(34). Comigration of the dimeric supercoiled form and nicked assessed by the intensity of fluorescence after the direct
monomeric molecules leads to difficulties in evaluating the excitation of the dye molecules at 530 nm. Under these

5000

DCFH fluorescence
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Ficure 3: Electrophoretic analysis of Cr(VI)-treated plasmid DNA. Each sample contained 25 mM MOPS, pH 7.0, 2 mM cysteine, 0.25
ug of plasmid DNA and various amounts ob®rO, in a 25uL volume. A separate set of samples additionally contained 5 mM EDTA.
The reaction was performed at 3€ for 60 min followed by immediate loading on 1% agarose gels. Fe/ascorD&tA was treated with

10 uM FeCk and 500uM ascorbate to generate nicked plasmids. Form I, intact supercoiled plasmids; form Il, open circular plasmids
containing one or more single-strand breaks; form Ill, linearized plasmidsA¢arose gels of pSP189 DNA treated with Cr(VI).)(B
Agarose gels ofbX174 DNA treated with Cr(VI).

conditions, changes in fluorescence indicate the presence obinding of 0.06 and 0.11 Cr atoms/nucleotide, respectively.
structural distortions in DNA caused by chemical modifica- At these levels of Cr(lI)>-DNA adducts, the extent of
tions 35, 36). Binding of Cr(lll) to DNA resulted in a dose-  structural distortions in DNA as determined by the inhibition
dependent decrease in the fluorescence of ethidium bromideof ethidium bromide fluorescence appears to be greater than
(Figure 4, panels A and B). A statistically lower fluorescence it was reported for cisplatin-modified DNAS, 36). Incuba-
was observed with as low as 50 Cr(VI) (P = 0.0002, tion of DNA with cisplatin results in the formation of Pt
two-sidedt-test). The decrease in the amount of DNA-bound adducts at N-7 positions of dG and dA that cause a variety
ethidium bromide was not caused by different kinetics of of structural distortions, including bending and unwinding
binding to DNA since the shapes of the concentration- of the DNA helix 37, 38). These Pt(ll)>-DNA adducts have
dependence curves were practically identical for both control been found to be mutagenig8q, 40).

and Cr-modified DNA. Blocking of Cr(llI)>DNA adduct Formation of CDNA AdductsFormation of Cr(lll)-
formation by the inclusion of EDTA in the reduction DNA adducts during reduction of Cr(VI) in MOPS buffer
reactions (see below) resulted in the fluorescence measureshowed a linear dose-dependence (Figure 5). Inclusion of
ments indistinguishable from control. There was no direct EDTA or Mg?" ions in MOPS buffer completely eliminated
interaction between the metal and the ethidium bromide Cr—DNA binding. EDTA forms a very stable pentacoordi-
judging by the unaffected fluorescence of the free dye (20 nate complex with Cr(lll)41) that would block Cr(lll) from
uM) in the presence of-0400uM Cr(VI) (see Experimental  binding to DNA. Mg" binds to DNA phosphates and at 10
Procedures). Even samples that contained 20-fold molarmM concentration, all DNA phosphates were found to be
excess of Cr over the dye concentration had a normal occupied by this ion42). The phosphate group has been
fluorescence (101.% 2.8% relative to control). This finding  previously shown to serve as the principal point of Cr(ll)
is in agreement with the absence of any reasonable bindingattachment to DNA and mononucleotidés,(43, 44). Unlike

site for Cr(lll) in ethidium bromide molecule. Additionally, reactions in MOPS buffer, reduction of Cr(VI) in phosphate
ethidium bromide is positively charged which would greatly buffer failed to yield C~DNA adducts. Inorganic phosphate
diminish any possible interaction with €r centers. At forms very stable and usually water-insoluble complexes with
saturating concentrations of ethidium bromide, the modifica- Cr(lll). We did not observe visible precipitation in the
tion of DNA with 400uM Cr(VI) led to approximately 66 phosphate-containing samples, which was probably due to
65% decrease in fluorescence relative to control. Treatmentlow concentrations of reagents and small reaction volumes.
of DNA with 200 and 400uM Cr(VI) resulted in DNA It is also possible that the bulk of Cr(lll) was present in the
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Ficure 4: Diminished binding of ethidium bromide to Cr-treated
DNA. Calf thymus DNA (1ug) was treated with 0, 50, 100, 200,
300, or 400uM Cr(VI) in the presence of 2 mM cysteine and 25
mM MOPS, pH 7.0. After 60-min incubation at 3T, 0.4 M KCl,

5 mM EDTA, and various concentrations of ethidium bromide were
added to each sample. Fluorescence was recorded with 530-n
excitation and 595-nm emission filters.Bluorescence of control
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Ficure 5: Formation of C+DNA adducts under different buffer
conditions. A standard reaction mixture contained 25 mM buffer,
(pH 7.0), 2 mM cysteine, 2g of pSP189 DNA, 200006500000
cpm PICr]-chromate and various concentrations of nonradioactive
Cr(VI1). Reaction volume was 5@L. All incubations were done at
37 °C for 60 min followed by removal of unbound Cr by Bio-Gel
P-30 chromatography and ethanol precipitation. MOPS: the reac-
tions contained MOPS buffer; Mg: MOPS buffer was supplemented
with 10 mM Mg?"; EDTA: MOPS buffer supplemented with 5
mM EDTA,; Pi: reaction contained 25 mM sodium phosphate.
Shown are meang SD from six independent experiments.

containing 25 and more Cr adducts/1000 bdQ0uM Cr-

(VI) exposure) produced no bacterial colonies indicating a
complete block of replication of these plasmids in human
cells. In contrast, MOPS-based reaction mixtures that
contained either Mgy or EDTA had unaffected yields of
transformants in the entire range of Cr(VI) concentrations
demonstrating the primary role of Cr(IHH)DNA adducts in

the replication blockage. Treatment of pSP189 plasmids with
Cr(VI) and Cys in MOPS buffer led to the formation of
mutagenic DNA damage (Figure 6, panel B). This mutagenic
esponse was linear in the range from 0 to 100 Cr(VI)

and Cr-treated DNA in the presence of various concentrations of Féaching approximately 20-fold increase over background
ethidium bromide. Shown are means of three independent measureat the highest dose. Blocking €DNA binding by the
ments. Error bars are not seen since they are smaller than the datinclusion of inorganic phosphate, EDTA, or Rigions in

symbols. (B Fluorescence of DNA treated with various concentra-
tions of Cr(VI). Ethidium bromide was added to the final
concentration of 40Qug/mL. Shown are means SD of six

the Cr(VI) reaction mixtures eliminated the mutagenic
responses at all Cr(VI) concentrations. This finding strongly

independent measurements. MOPS: DNA was treated under theimplicated Cr(Ill)-DNA adducts as being responsible for

standard conditions in MOPS buffer; MORSEDTA: the reactions
additionally contained 5 mM EDTA.

the mutagenic effects induced by Cr(VI) metabolism. The
template properties of pSP189 DNA treated with Cr(VI)/

form of mixed-ligand complexes that remained in the Cys in the presence of inorganic phosphate were _similar to
solution. In addition to phosphate, these Cr(lll) complexes ¢ontrol, as judged by unaffected yields of bacterial trans-
would be likely to contain Cys and hydroxy! ions. fqrmants. For example, even incubation of DNA W|th the
Shuttle-Vector Mutagenesidlutagenic potential of DNA  highest Cr(V1) concentration (2QM) gave a 98.3% relative
modifications produced during Cr(VI) reduction was exam- transformation efficiency. Importantly, the absence of mu-
ined using the pSP189 shuttle-vect8d), This plasmid is tagenic and replication-blocking DNA lesions in sa}mples
capable of replicating in human cells, which permits analysis containing phosphate, EDTA, or Mgwas not associated
of mutagenic properties of DNA adducts using replication With a significantly different kinetics of Cr(VI) reduction
machinery of intact cells. Selection stipF mutants was  (Figure 1) or a decreased production of DCFH-oxidizing
carried out using. coliMBL50 strain and plates containing ~ SPecies (Figure 2, panel B).
L-arabinose. DNA damage induced during incubation with  Although three different approaches for blocking of-Cr
Cr(VI)/Cys in MOPS buffer decreased a number of replicated DNA binding eliminated the mutagenic response, there was
plasmids recoverable from human fibroblasts, as evidencedstill the possibility that the presence of Mg, EDTA, or
by a progressively lower yield of ampicillin-resistant colonies phosphate somehow perturbed the formation of DNA-
in Cr-exposed samples (Figure 6, panel A). Exponential fit reactive products and/or changed DNA structure modifying
of the data gave an Lfg= 22 uM Cr(VI), which corresponds  formation of mutagenic damage through Cr-independent
to approximately 5 Cr adducts/1000 bp. DNA samples mechanisms. The most rigorous test for the importance of
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] o ) sodium phosphate, pH 7.0, at 3Z. The initial level of adducts in

Fiure 6: Survival and mutagenesis in pSP189 plasmids treated Cr-treated DNA was 9.2 1.6 Cr/1000 bp. (A Time-course of Cr

with chromium (VI). DNA was treated with Cr(VI) as described removal from DNA in the presence of phosphate buffer. (B)

in Figure 5, and then transfected into HF/SV human fibroblasts. Mutagenic response in control (Ctrl), Cr-treated (Cr), and phosphate-

After 48 h, plasmids were recovered and electroporated into reversed Cr-treated DNA (Cr/Pi). Shown are meanSD of six
indicator bacteria to score transformants and arabinose-resistanindependent experiments.

mutants. Shown are mea#tsSD of 6-8 independent experiments. . . o
(A) Survival of pSP189 plasmids as measured by the transformationlesions were formed during £330 and 36-60 min time

efficiency; (B) mutation frequency. periods (Figure 8, panel A). The extent of mutagenic damage
produced at different stages of Cr(VI) reduction clearly did
Cr—DNA adducts in the induction of mutagenesis can be not correspond to the amount of the Cr(VI) reduced. For
performed by analyzing mutational response before and afterexample, mutagenic damage produced during the first 15 min
stripping of Cr(lll) from DNA. We found that incubation of  of reaction was 2.5 times lower in comparison to-80
Cr(VI)-treated DNA in 50 mM phosphate (pH 7.0) for 24 h  min time interval, whereas approximately 65% Cr(VI) was
released approximately 8%0% of DNA-bound Cr(lll) reduced during ©15 min and only 15% during 3660 min
(Figure 7, panel A). Dissociation of the majority of €r  (Figure 1). There was no correlation between mutagenic
DNA adducts by this reversal procedure resulted in almost responses and formation of DCFH-oxidizing species at
complete loss of the mutagenic response induced by Cr(VI)/ different stages of Cr(VI) reduction (Figure 2, panel A).
Cys metabolism (Figure 7, panel B). A marginal increase in  Levels of CDNA binding gradually decreased as DNA
mutations in phosphate-treated samples over background wasgvas added at later stages of Cr(VI) reduction (Figure 8, panel
probably caused by the residual-<IPNA adducts (16-15% B). The overall trend for the yield of G{DNA adduct
of the initial amount). The release of Cr(lll) from DNA has followed the time-course of Cr(VI) reduction. The largest
also increased a relative yield of bacterial transformants from amount of Cr(VI) was reduced during the first 15 min of
22.1+ 12.9 to 81.0+ 1.3%, demonstrating the loss of the the reaction and the highest number of-©NA adducts
majority of replication-blocking lesions. was formed during this period. However, there was an
Mutagenic Response and Production of Cr-DNA Adducts apparent time-lag between disappearance of Cr(VI) or Cr-
at Different Stages of Cr(VI) Reductiofrormation of (V/IV) (as measured by DCFH oxidation) and -€DNA
mutagenic DNA lesions at different time intervals during binding, since a decrease in the formation of-ONA
Cr(VI) reduction was examined by addition of pSP189 DNA adducts was more gradual than the rate of Cr(VI) reduction.
for the specified periods of time followed by the immediate Cr—DNA adducts were also formed after the completion of
purification of the DNA on Bio-Gel P-30 columns. The Cr(VI) reduction (after 60 min). The magnitude of mutagenic
results showed that the highest levels of mutagenic DNA responses at different periods of Cr(VI) reduction was not
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Ficure 8: Cr—DNA binding and induction of mutagenesis at
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Ficure 9: Formation of cysteineDNA cross-links at different time
intervals after the start of Cr(VI) reduction. Amount of DNA-bound
Cr and cysteine was measured by the inclusion of radiolabeled
51Cr(VI) and®5S-cysteine, respectively. Excluding incubation time,
experimental conditions were as described in Figure 5. MOPS buffer
and 200uM Cr(VI) were used. Shown are meaasSD of three
independent measurements.

min period (predominantly binary €&iDNA adducts). After
adjustment for the contribution of Cy®NA adducts to
mutagenesis at the-L5 min period, the mutagenic potential
of ternary Cys-Cr(lll) —DNA adducts was found to be 5.2-
times of that for binary Cr(l1l)>-DNA adducts. The overall
mutagenic responses at the specific phases of Cr(VI) reduc-
tion were likely determined by both total EDNA binding

and the relative amounts of binary and ternary adducts.

Characterization of the supF Mutantdutants were

conditions were described in Figure 5. Chromate concentration wascollected from treatments of shuttle-vector plasmids with 50

100uM. (A) Mutation frequency after subtraction of background
values; (B) formation of CrDNA adducts. Shown are mea#s
SD of four independent experiments.

determined by the overall level of EDNA binding, as
evidenced by a low yield of mutants during the first 15 min
of Cr(VI) reduction when the highest amount of DNA-bound
Cr was found. After the reduction reaction was complete
(60—90 and 96-120 min intervals), the yield of mutants was
directly related to a number of total EDNA adducts. This
result is indicative of the formation of a single class of
adducts during postreduction incubations.

Reductive metabolism of Cr(VI) has also been shown to
produce Cys Cr(lll) —DNA cross-links {3, 45). Formation

of these ternary adducts proceeds through the initial forma-

tion of binary Cr(lll)-Cys complexes that subsequently bind

uM Cr(VI) which gave a 16-15-fold increase in the mutation
frequency over background. This ensured that the majority
of the mutants (9695%) were caused by €DNA adducts.

The spectrum of spontaneous mutations produced following
propagation of the pSP189 plasmids in HF/SV cells has been
reported earlier 44). The signature sequence of pSP189
plasmids was used to identify sibling mutants that were not
used in the subsequent analysis of mutational changes.
Deletions were found in 26% of mutants, among which the
majority (10 out of total 13) lost more than 100 bp. Single
base substitutions represented the major type of Cr(VI)-
induced mutants (Table 1). All point mutations were G:C
base pair substitutions. Transversions G:€ T:A and
transitions G:C— A:T accounted for the bulk of all single
base substitutions (54 and 34%, respectively). The nature of

to DNA (18). On the basis of this mechanism, we reasoned the adjacent base had a strong influence on the probability

that Cys-DNA cross-linking would follow a time-course
distinct from that for the overall CGfDNA binding. The
relative yield of Cys-DNA adducts at different time intervals
was indeed different (Figure 9). Only a small fraction of total
DNA-bound Cr(lll) was involved in the formation of Cys

of the mutational events at the G:C base pair. Mutations were
the most frequent at the sites with another purine located
next to the mutated G. The presence bfdjacent purine
was found in 90%, while 'Sourines were present in 71% of
single base substitutions. The mutational spectrum did not

DNA cross-links at the earliest time interval, whereas later reveal any strong “hot-spots” for base substitutions along
time periods were associated with the progressively higher thesupFgene (Figure 10). The occurrence of mutations along
yields of Cys-DNA adducts. When DNA was added 60 min the gene sequence appears to be largely a function of the
or later after the start of the reduction reaction, essentially nature of nucleotides found in the immediate vicinity of G:C
all DNA-bound Cr(Ill) was involved in the formation of pairs. The spectrum of spontaneous mutations is also
ternary Cys-Cr(lll) —DNA adducts. A normalized yield of  dominated by the substitutions at the G:C pairs and charac-
mutations at late time intervals (predominantly €%r— terized by a broad distribution along teepFsequence with
DNA cross-links) was 3.6-times higher than that at1% a single “hot-spot” at the position 1624).
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Induction of mutagenic lesions during Cys-dependent
metabolism of Cr(VI) to Cr(lll) can be unambiguously
attributed to the formation of GtDNA adducts. This

Table 1: Characterization of Cr-Induced Mutatidns

type of mutations frequency (%) base substitutions frequency (%)

deletions 18(26)  transitions conclusion is supported by the lack of mutagenic responses
e Cloomy 100 Sarac 18 when Cr-DNA binding was blocked by the addition of Fig

insertions 2(3) transversions ions, phosphate, or EDTA. Furthermore, release of Cr(lll)

point mutations (all) 35 (70) GE TA 22 (54) from the plasmid DNA by the phosphate reversal procedure
single 28 (80) GC—CG 5(12) returned mutation frequency to background levels. Oxidative
tandem 1(3) AT=TA 0

DNA damage is irreversible and mutagenesis derived from

multipte an ATZCG ° oxidative lesions would still be detectable under these
sequence sequence conditions. Mutagenic responses were induced at adduct
(3 base effect) _ frequency (%) (5' base effect) frequency (%)  |evels that were not overly blocking to replication, as
G*A 25 (61) AG* 13 (31) approximately 26-25% transfection efficiency was observed
g:? 13? ((72)9) %3** 116 ((2‘;0) at Cr doses causing a 4Q5-fold increase in the mutation
G*C 1(3) cG* 11 (27) frequency. Complete |nh|p|t|9n of GiDNA blndlng' by
G*Pu 920% PUGH 71% phosphate and EDTA also indicates that DNA-attacking form
aG*, mutated G base; Pu, purine ba&umber of mutants of the was most likely Cr(lll). Both EDTA and inorganic phos_phate
indicated type¢ Percent of total plasmids. form very stable complexes with Cr(ll1)40, 50) which

would prevent subsequent reactions of the metal with DNA.
Although phosphate buffer can remove Cr(lll) from DNA,
DISCUSSION this process is slow and requires at least overnight incubation.

Nature of Premutagenic DNA Lesions Produced during EDTA is not very efficient in chelating DNA-bound Cr(lll),
Cr(VI) Reduction by CysteinKinetic studies have suggested as evident from the stability of GfDNA adducts during
two-electron reduction of Cr(V1) by-Cys as a predominant ~agarose electrophoresis in TAE buffer containing 10 mM
initial step for the reactions conducted at neutral FH46). EDTA. A slow release of Cr(lll) implies that the absence of
According to the two-electron scheme, the first Cr intermedi- Cr—DNA adducts in reduction reactions conducted in the
ate would be Cr(IV), not Cr(V) and ERP spectrometry indeed Presence of phosphate or EDTA was a result of sequestration
detected only a small signal from Cr(V#79. The final  of Cr(lll) not of stripping Cr(lll) from DNA.
products of Cr(VI) reduction were-cystine and Ci(- Reduction of Cr(VI) by thiols is typically associated with
cysteinato-N,0,S) (46, 48). Damage by unstable Cr inter-  the generation of thiyl radicald 9, 20). In aerated solutions,
mediates has been proposed as a potential pathway leadinghe thiyl radicals react with oxygen to produce thiol perox-
to oxidative DNA damage22, 23). Extensive oxidation of ~ yradicals: RS+ O, — RSQ; (51). Thiyl radicals have also
the redox-sensitive dye DCFH is clearly consistent with the been detected during Cr(VI) reduction by glutathio26) (
generation of oxidizing species during Cr(VI) metabolism and irradiated solutions containing thiol compours® (Shi
by Cys. Formation of fluorescent DCF has been typically et al. (L9) have found that production of thiyl radicals was
considered to be a result of oxidation reactions generatedthe most extensive when the ratio Cys/Cr(VI) was 32:1 and
by hydroxyl radicals or through peroxidase@®i-dependent ~ 64:1. Under our conditions, these ratios correspond to
mechanisms49). Cr(V)LDHBA complex has recently been — approximately 36-604M Cr(VI), a dose range that showed
shown to oxidize DCFH directly, demonstrating a role of strong mutagenic responses. A normal yield of replicated
unstable Cr forms in generation of fluorescent D@B)( plasmids and the lack of the mutagenic responses in samples
Interestingly, intermediate Cr forms produced in Cr(VI)/Cys lacking Cr(ll)—DNA adducts suggests that thiyl radicals/
reactions were incapable of oxidizing DNA, as shown by thiol peroxyradicals are probably not sufficiently reactive to
the shuttle-vector mutagenesis experiments and electro-oxidize DNA. This conclusion is also supported by studies
phoretic analysis of supercoiled plasmids. This result doeson protective effects of various thiols against DNA damage
not necessarily mean that Cr(V) and Cr(IV) produced by caused by ionizing radiatiorb®).
other reducers would have similar properties since ligand Mutagenesis by Cr(lll-DNA Adducts.Formation of
environment affects reactivity of metal centers. It appears premutagenic lesions during different stages of Cr(VI)
that DCFH is much more sensitive to oxidation in compari- reduction showed a poor correlation with the overall level
son with DNA, and therefore, the formation of fluorescent of Cr—DNA binding, which appears to be related to a
DCF should not be always regarded as evidence for produc-differential formation of binary and ternary €EDNA ad-

tion of DNA-damaging species. ducts. Cys-Cr(lll) —DNA adducts were calculated to be
T
T G
T I I
A RA T G A A ATI T
TAT TT AL T A AAT A G A G A A AT AR GRA

TG GTGGGGITCC CGAGCGGCCA AAGGGAGCAG ACTCTAAATC TGCCGTCATE GACTTCEAAG GTTCGAATCC TTCCCCCACC ACCA
100 110 120 130 140 150 160 170 180

Ficure 10: Mutational spectrum induced by Cr(VI) in teapFgene of pSP189 plasmid. Mutational changes were detected by sequencing.
Underlined bases indicate that they originated from clones containing multiple mutations.
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Ficure 11: Proposed structures of the phosphate-based CrPNA adducts. (A) theSisomer of DNA alkylphosphotriesters; (B) tlie
isomer of DNA alkylphosphotriesters; (C) Cr(Hphosphate adduct in tii&conformation; (D) theR isomer of Cr(lll)-phosphate adduct
stabilized by the direct coordination to N-7 of dG; (E) tRasomer of Cr(lll-phosphate adduct stabilized by the hydrogen bonding
between coordinated water and N-7 of dG; (F) Bhisomer of Cr(lll)-phosphate adduct stabilized by the direct coordination to N-7 and
the hydrogen bonding to O-6 of dG; (G) tResomer formed at'3phosphate of dG does not allow additional coordination to N-7. Complexes
shown in panels D and E are proposed mutagenic forms of binary CrONA and ternary CysCr(lll) —DNA adducts, respectively.

about 4-5 times more mutagenic than binary Cr(HDNA preincubated Cys/Crgmixtures induced a much stronger
complexes. In previous studies, we have found that the mutagenic response. Mapping of binary and ternary C#lIl)
mutagenic response was minimal when pSP189 plasmidsDNA adducts along thesupF gene did not reveal base-
were modified with CrGF6H,O (24). However, ternary  specificity in the adducts formation or any significant
Cys—Cr(ll1l) —DNA adducts produced by reacting DNA with  differences in the site-specific distribution of different adducts
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(24). The magnitude of mutagenic responses at different
phases of Cr(VI) reduction would then appear to be a
function of overall C+~DNA binding and the ratio of ternary

to binary adducts.

Extrapolation of total C+ DNA adducts to 20 Cr atoms/
plasmid gives a mutation frequency of 3010 (6.5-fold
increase over control). Formation of the same number of
adducts with benze]pyrene 7,8-diol-9,10-epoxide, 1-ni-
trosopyreneN-acetoxy-2-acetylaminofluorene, or trifluoro-
derivative ofN-acetoxy-2-acetylaminofluorene resulted in 40
x 1074 (28.6-fold), 11.6x 104 (8.3-fold), 12x 107“(8.6-
fold), and 10x 10~“ (7.1-fold increase) mutation frequencies,
respectively $3—55). Thus, it appears that mutagenic
potency of total Cr(Ill}>DNA adducts (binary and ternary
complexes combined) was comparable to that of bulky
adducts formed at C-8 position of G (1-nitrosopyrene,
N-acetoxy-2-acetylaminofluorene, or its trifluoro-derivative).
An average frequency of conversion of a Cr-modified site

Biochemistry, Vol. 40, No. 2, 2005559

preferential formation of CysCr—DNA adducts in theR
conformation at the phosphodiester group located in the 5
position to G (Figure 11, panels F and E). TRéomer of
alkylphosphotriesters has been found to alter DNA structure
to a much greater extent than i&counterpart §1—63).
Positioning of Cys ligand in the close vicinity to DNA could
force it to be partially inserted into the DNA helix. Structural
distortions caused by this type of DNA binding would likely
include base unstacking, and this suggestion is supported by
diminished binding of ethidium bromide to Cr-modified
DNA. Coordination of Cr(lll) to N7-G per se does not seem
to be important in mutagenesis since binary—ONA
adducts are weakly mutageni24(and this study). Another
factor influencing DNA structure at the sites of Cr(lll)
binding includes neutralization of the negative charge on the
phosphate, which could lead to altered interactions with DNA
polymerase and increased propensity to bendd#y Base
unstacking has also been reported for oligonucleotides

into mutation was about 1 per 50 adducts. Base substitutionscontaining methyl-, ethyl-, or isopropylphosphotriesté&3 (

produced by Cr(llI)>DNA complexes targeted G/C pairs
resulting in predominantly G/C~ T/A and G/C— A/T
changes. This correlates well with mutational changes
generated by Cr(VI) exposure of human lymphoblastoid cells
in which G/C— T/A and G/C— A/T substitutions were
most frequently observedL]). Distribution of mutations
induced by Cr(VI) was very different from the mutational
spectrum produced by J,.

Cr3* ions are hard Lewis acids strongly preferring O atoms
as compared to $(). Charged oxygen groups are also better
ligands as compared to N atoms. In mononucleotides and
DNA, this preference for Oligands leads to the formation
of inner sphere complexes of Cr(lll) with phosphat&g, (

18, 43, 56, 57). Phosphate-bound 3d metals typically exhibit
some interaction with N-7 of purine base88). This
interaction is approximately 10-times stronger for GMP as
compared to AMP, and it is caused by a greater basicity of
N-7 of GMP. The extent of microchelate formation varies

65, 66). Modifications with the bulkier alkyl group led to
larger changes in oligonucleotides, and the structure of GpA
and ApA oligonucleotides was more perturbed as compared
to ApT or TpT (62, 65—67). These findings are consistent
with a higher mutagenicity of bulky CysCr(Ill) —DNA
adducts and the observed preference for positions flanked
by A. Additional factors contributing to a site-specific
distribution of mutations could involve variable rates of
adduct removal at different position88) and sensitivity of
DNA polymerase to structural distortions in different se-
guence contex®@). The DNA chain elongation of isopropyl
phosphotriester-containing oligonucleotides has been shown
to be strongly influenced by the base in thHgBbsition (70).
Interestingly, only theS isomer of methylphosphotriesters

is removed irk. colicells leaving a more structure-disturbing

R isomer unrepaired7(). If a similar preference in repair

of the Sisomers exists in human cells, it may lead to a higher
frequency of mutational events at the sites favoring formation

depending on the degree of the softness of the metal andof phosphotriester adducts in tfReconformation.

may involve either direct coordination to N-7 or outer-sphere
binding. Inner-sphere coordination of Cr(lll) to TMP, CMP,
or AMP was found to be exclusively to the phosphate group
(56), but additional base coordination was detected in some
binary Cr(ll)-GMP complexes43). In addition to N-7, a
potential Cr(llI)~GMP interaction can also occur at O-6
through hydrogen binding with coordinated water. A direct
N-7/0-6 chelate is unlikely because the angle (E®-
5)—(N-7) is 132 (59), which is too wide to be accom-
modated into the octahedral geometry of Cr(lll) complexes.
Ternary Cr(lll)-mononucleotide complexes with amino
acids obtained through different synthetic approaches were
always formed by inner-sphere coordination to phosphate
oxygen (7, 18). Various modes of Cr(lll) coordination with
DNA are graphically presented in Figure 11.

Alkylation of the phosphodiester group results in adducts
that can have either aR or S configuration 60). The S
isomer would feature Cr(lll) atom pointing away from the
DNA helix, whereas thd&? isomer points metal toward the
major groove (Figure 11, panels A and B). Cr(HICys
complex is a relatively bulky structure and a ternary adduct
would seem more likely to be formed in ti&eonfiguration
due to steric considerations. However, additional Cr(lll)
interactions with N7-G (and possibly, O6-G) may lead to a
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