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Abstract
Hexavalent chromium is a known inducer of DNA-protein crosslinks (DPC) that contribute to
repression of inducible genes and genotoxicity of this metal. Lymphocytic DPC have also shown
potential utility as biomarkers of human exposure to Cr(VI). Here, we examined the mechanism of
DPC formation by Cr(VI) and the impact of its main cellular reducers. In vitro reactions of Cr(VI)
with one-electron reducing thiols (glutathione, cysteine) or two-electron donating ascorbate were all
efficient at DPC production, indicating a dispensable role of Cr(V). No Cr(VI) reducer was able to
generate DPC in the presence of Cr(III)-chelating EDTA or phosphate. A critical role of Cr(III) in
DNA-protein linkages was further confirmed by dissociation of Cr(VI)-induced DPC by phosphate.
EDTA was very inefficient in DPC dissociation, indicating its poor suitability for testing of Cr(III)-
mediated bridging and reversal of complex DPC. Reactions containing only one Cr-modified
component (protein or DNA) showed that Cr(III)-DNA adduction was the initial step in DPC
formation. Crosslinking proceeded slowly after the rapid formation of Cr-DNA adducts, indicating
that protein conjugation was the rate-limiting step in DPC generation. Experiments with depletion
of glutathione and restoration of ascorbate levels in human lung A549 cells showed that high cellular
reducing capacity promotes DPC yield. Overall, our data provide evidence for a three-step
crosslinking mechanism involving (i) reduction of Cr(VI) to Cr(III), (ii) Cr(III)-DNA binding and
(iii) protein capture by DNA-bound Cr(III) generating protein-Cr(III)-DNA crosslinks.

Introduction
Cellular reduction of carcinogenic Cr(VI) generates a wide assortment of small DNA
modifications resulting from the crosslinking activity of Cr(III) (1,2) and the oxidizing
properties of intermediate Cr species and other reactive byproducts (3,4). Cr(VI) is also known
to induce bulky DNA-protein crosslinks (DPC) in various cells in culture and in vivo (5–7).
Methodological improvements in DPC measurements and positive results from several human
studies pointed to the potential utility of these lesions as biomarkers of exposure to toxic Cr
compounds (8). Elevated levels of DPC have been found in peripheral blood lymphocytes
among welders (9,10), chrome platers (11,12) and leather tanners (13). Lymphocytic DPC have
shown a good correlation with the levels of Cr in red blood cells (11), which is a biomarker of
internal dose of Cr(VI) (14,15). Higher levels of lymphocytic DPC have also been found in
populations residing in areas with environmental Cr contamination (11,16). The main
advantage of DPC measurements over determinations of total Cr in biological samples,
including erythrocytes, is that they assess the presence of elevated genetic damage. DPC levels
in human lymphocytes are not significantly affected by age, weight or smoking status (17),
which permits the use of this biomarker for the detection of Cr-associated genetic damage in
relatively small groups of exposed individuals (18). In addition to human biomonitoring, DPC
measurements have been used for the assessment of genetic damage in several aquatic species
exposed to waterborne Cr(VI) (19,20).
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Although the biological significance of DPC in general is poorly understood, these bulky
lesions have long been assumed to be genotoxic. A likely impediment of DNA replication by
Cr-induced DPC has been suggested to lead to gross genetic rearrangements (9), mutations
(8) or S-phase specific DNA double-strand breaks (21). Some chemical forms of DPC were
indeed tested mutagenic (22,23) but others were not (24). Puga and co-workers (25) have
recently provided experimental evidence that DPC play a major role in the well-established
phenomenon of inhibition of inducible gene expression in Cr(VI)-treated cells (26–28). They
found that Cr(VI) suppressed the aryl hydrocarbon receptor-mediated gene expression by
benzo[α]pyrene via DNA crosslinking of the repressory HDAC1-DNMT1 complexes, which
blocked their release from the promoters of the inducible genes and prevented chromatin
remodeling and RNA polymerase II recruitment. Thus, in addition to their potential role in
genotoxic effects of Cr(VI), DPC can also play an important role in the toxicological effects
of mixed exposures, particularly for agents that require gene induction for their activation,
efficient detoxification or repair of cell injury.

Broader utilization of DPC as a biomarker, particularly for environmentally exposed
populations, is hampered by the inability of current analytical approaches to differentiate
between Cr(VI)-induced and other forms of DPC. The basis of this problem largely lies in the
poorly understood mechanisms of intermolecular crosslinking by Cr(VI), which makes it
difficult to devise more specific methodologies. Better defined crosslinking mechanisms would
also make it easier to interpret the effects of altered cellular physiology or coexposure
conditions on the DPC formation and the associated toxicological effects. In principle, Cr(VI)
can induce DPC either via Cr(III)-mediated crosslinking reactions or oxidative mechanisms.
The latter can involve either crosslinking by the initial oxidative lesions on DNA (29,30) and
proteins (31) or via reactive products of lipid peroxidation, such as malondialdehyde (32).
Formation of advanced products of guanine oxidation by Cr(VI) (4) is one of the potential
routes to protein crosslinking via oxidative mechanisms. Studies in CHO cells showed that
about 50% of Cr(VI)-induced DPC were sensitive to disruption by EDTA (33), which was
indicative of a major role of Cr(III) in DNA-protein crosslinking. However, experimentally
very similar work using human MOLT4 lymphoma cells detected only a very small effect of
EDTA (7), which has been interpreted as evidence for oxidative linkages in DPC formation.
The crosslinking ability of Cr(III) aqua complexes under neutral pH has also been questioned
experimentally (34), although results of this and some other similar in vitro studies could have
been adversely impacted by the use of Tris buffer (1).

In this work, we conducted detailed mechanistic studies of DPC formation by carcinogenic Cr
(VI) and the final product of its reduction, Cr(III). The uncertainty about the role of Cr(III) in
DPC production was addressed using a more efficient chelation procedure. The process of
DNA-protein crosslinking was dependent on Cr(III), but the sequence of reactions leading to
the intermolecular conjugation was different than that established for small reducer-Cr(III)-
DNA crosslinks (35,36).

Experimental Procedures
Materials

K2CrO4 (ACS reagent) and [Cr(H2O)4Cl2]Cl•2H2O (99.995% pure) were from Aldrich
(Milwaukee, WI). L-ascorbic acid (Asc), bovine serum albumin (BSA), L-buthionine-[S,R]-
sulfoximine (BSO), calf thymus DNA type 1, dehydro-L-(+)-ascorbic acid (DHA), 4-
morpholinoethanesulfonic acid (MES), 4-morpholinepropanesulfonic acid (MOPS),
phenylmethanesulfonyl fluoride (PMSF), SDS, Tris and all salts and electrophoresis materials
were from Sigma-Aldrich (St. Louis, MO). L-cysteine, glutathione (GSH) and tissue culture
media were from Gibco BRL (Gaithersburg, MD). Fetal bovine serum came from Gemini Bio-
Products. PicoGreen and 1,2-diamino-4,5-dimethoxybenzene dihydrochroride dyes were
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obtained from Molecular Probes (Eugene, OR). Bio-Gel P-30 size-exclusion columns were
purchased from Bio-Rad (Hercules, CA). Caution: Cr(VI) compounds are human carcinogens
and appropriate precautions should be taken in handling of these materials.

Cells
Human lung A549 cells were from the American Tissue Culture Collection. The cells were
grown in F-12K medium with 10% fetal bovine serum at 37°C in atmosphere containing 95%
air and 5% CO2.

DNA-protein crosslinking in vitro
All in vitro DNA-protein crosslinking reaction mixtures had a final volume of 50 μL. With the
exception of the preliminary optimization experiments in which the BSA concentration was
varied, the crosslinking reactions contained 25 mM MOPS buffer (pH 7.0) or 25 mM MES
buffer (pH 6.0), 5 μg calf thymus DNA, 60 μg BSA, and 0–20 μM of freshly prepared chromic
chloride (CrIII) in distilled H2O. Crosslinking reactions with Cr(VI) (K2CrO4) additionally
contained one of the three reducers (Asc, Cys or GSH). Unless indicated otherwise, the samples
were incubated at 37°C for 3 hr. Crosslinking reactions were stopped by the addition of 1%
SDS (final volume of 500 μL). Samples were stored at −80°C prior to DPC measurements.

To purify A549 nuclei, cells were lysed in a homogenization buffer (250 mM sucrose, 5 mM
CaCl2, 30 mM KCl, 1 mM PMSF, 0.5% Triton X-100, 20 mM Tris-HCl, pH 8.0,) using a
Dounce homogenizer. The lysates were spun down (900g for 5 min, 4 °C) and the nuclear
pellets were washed twice in the homogenization buffer. The nuclei were stored at −80°C in
25% glycerol, 5 mM CaCl2, 20 mM Tris-HCl (pH 8.0). Standard crosslinking reactions with
purified A549 nuclei contained 25 mM MOPS (pH 7.0), 150 mM NaCl, Cr(VI) and a mixture
of three main biological reducers (1 mM Asc, 2 mM GSH and 0.5 mM Cys). Some crosslinking
reactions additionally contained 5 mM EDTA or MOPS was replaced by 25 mM Na-phosphate
buffer. All samples were incubated for 3 hr at 37°C with continuous gentle rotation, nuclei
were washed with MOPS-NaCl and lysed in 1% SDS for DPC measurements.

Reversibility of DPC by Cr(III) chelators
The BSA-DNA mixtures contained 25 μM MOPS buffer (pH 7.0), 5 μg calf thymus DNA, 60
μg BSA, 0–100 μM K2CrO4 and 1 mM Asc. Samples were reacted at 37°C for 0.5–3 hr and
then received 50 mM Na-phosphate (pH 7.0) or 10 mM EDTA followed by additional
incubation for 24 hr at 37°C. The crosslinking reactions were stopped by the addition of 1%
SDS. For assessment of reversibility of nuclear DPC, nuclei were treated as above, washed
with the buffer, resuspended in either 25 mM MOPS or 25 mM Na-phosphate (both pH 7.0)
and incubated for additional 24 hr at 37°C.

Determination of the order of conjugation reactions
Cr-DNA or Cr-BSA complexes were formed by incubating 5 μg DNA or 60 μg BSA with 0–
20 μM Cr(III) or with 0–100 μM K2CrO4 plus 1 mM Asc at 37°C for 30 min. Cr-modified
DNA and Cr(III)-BSA were then purified by Bio-Gel P-30 size-exclusion chromatography.
The missing DPC component, either 60 μg BSA or 5 μg DNA, was then added and the samples
were incubated at 37°C for 3 hr. The crosslinking reactions were stopped by addition of 1%
SDS.

Treatments of A549 cells with Cr(VI)
Cells were seeded on 12-well plates, allowed to attach overnight and exposed to K2CrO4 in
serum-free medium for 3 hr. Cells were washed with PBS, collected by trypsinization, and
spun down at 4°C for 5 min at 1100 g. The cell pellets were washed once with PBS and
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resuspended in 50 μL PBS. The resuspended cells were added to a lysis solution containing
1% SDS, 0.4 mg/mL BSA, 20 mM Tris-HCI (pH 7.5), and 1 mM PMSF. The lysed samples
were vortexed and frozen at −80°C. Restoration of physiological concentrations of Asc was
carried out by preincubation of the cells with 2 mM DHA at 37°C for 90 min in Krebs buffer
supplemented with 0.5 mM D-glucose. The depletion of intracellular GSH was done by
incubating the cells at 37°C for 24 hr in complete medium supplemented with 0.1 mM BSO.

Determination of cellular Asc
Intracellular Asc was measured by HPLC detection of a specific conjugate with 1,2-
diamino-4,5-dimethoxybenzene dihydrochroride (37). Cells were collected by trypsinization,
washed three times with cold PBS (1100 × g for 5 min at 4°C) and resuspended in equal volumes
of water and 100 mM methane sulfonic acid, 10 mM diethylenetriaminepentaacetic acid.
Samples were subjected to two cycles of freezing (−80°C) and thawing (37°C), and Asc was
recovered in the supernatant after centrifugation at 12,000g for 10 min at 4°C. Pellets were
resuspended in 1% SDS, 50 mM NaOH for determination of protein concentration.
Derivatization reactions contained 10 μl of Asc-containing samples and 90 μl of a dye solution
containing 0.2 units/μl ascorbate oxidase, 50 mM Na-acetate (pH 6.2), and 0.5 mM 1,2-
diamino-4,5-dimethoxybenzene and were incubated for 4 hr at room temperature in the dark.
Fluorescent Asc conjugates were separated using isocratic elution with 75% 50 mM phosphoric
acid (pH 2.0) and 25% acetonitrile.

Measurements of cellular GSH
Total cellular GSH was determined by HPLC as described previously (38). In brief, cells were
collected by trypsinization, washed three times with cold PBS and suspended in a 40 mM
methanesulfonic acid-10 mM diethylenetriaminepentaacetic acid solution, lysed by two cycles
of freezing/thawing and GSH-containing supernatants were recovered by centrifugation at
12,000g for 10 min at 4°C. The cell extracts were reacted with 2 mM monobromobimane in
the presence of DTT and the amount of the fluorescent GSH conjugate was measured by HPLC.

Measurements of DPC
Both in vitro and cellular DPC were measured by the K+/SDS precipitation assay (39), as
previously modified (40). This frequently used assay is based on the selective precipitation of
protein-crosslinked DNA by K+/SDS. The anionic detergent SDS binds proteins but not DNA.
The addition of K+ ions produces a K+/SDS precipitate, which can be recovered by low speed
centrifugation. Protein-free DNA remains in the supernatant whereas protein-crosslinked DNA
is found in the SDS pellet. Repeated washes and high temperature heating steps ensure the
dissociation of DNA from noncovalently bound proteins. The percentage of the SDS-
precipitable DNA represents a quantitative measure of the number of DPC. Frozen samples
were thawed at 37°C and mixed with 0.5 ml DPC wash buffer (200 mM KCl, 20 mM Tris-
HCI pH 7.5). The samples were vortexed and heated at 50°C for 10 min (initially) and 5 min
(between washes). The samples were placed on ice for 10 min to reform the K+/SDS-protein
precipitate. The SDS pellet was recovered by centrifugation at 4°C, 3000g for 5 min. The
supernatant was saved and the pellet was resuspended in 1 ml of DPC wash buffer. The heating,
cooling, and centrifugation steps were repeated for a total of three washes. The final pellet was
resuspended in 500 μL DPC wash buffer containing 10 mM EDTA (pH 8.0) and 0.5 mg/mL
proteinase K and incubated at 50°C overnight. The DNA from the proteinase K digested pellet
was then recovered by placing the samples on ice for 30 min and spinning them down at 4°C
for 20 min at 3,000g. The DNA content of the supernatant from the washes and the proteinase
K-digested K+/SDS pellet were measured in a multi-well fluorescence reader using the
PicoGreen dye (emission 535 nm, excitation 485 nm).
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Cr(VI) uptake
Cellular Cr was extracted by hot nitric acid and measured by graphite furnace atomic absorption
spectroscopy (Perkin-Elmer GF-AAS, model 41002L) (41). Cells were collected by
trypsinization, washed twice with cold PBS and resuspended in 50 μl of cold water and 50 μl
of 10% nitric acid. Samples were frozen at −80°C and then heated to 50°C for 60 min, followed
by incubation on ice for 30 min and centrifugation at 10,000 g for 10 min at 4°C. Supernatants
were diluted with water 2.5 times and analyzed for chromium content. Pellets were washed
twice with cold 5% nitric acid and dissolved in 200 μl of 0.5 M NaOH by heating at 37°C for
30 min. Lysates were used for protein determination.

Results and Discussion
In vitro DPC formation by Cr(III) and Cr(VI)

We have chosen to conduct a detailed study of DPC formation in vitro using BSA, which has
been previously found to be capable of crosslinking to DNA by Cr(VI) with higher efficiency
than actin (42), the main constituent of cellular DPC (43). Neither protein binds DNA but the
use of BSA avoids precipitation and other common problems associated with the
polymerization properties of actin. BSA readily forms DPC through decomposition of protein
hydroperoxides (44) and it was found to be as efficient in DPC generation by ionizing radiation
as were histones (45). Because BSA is also rich in metal-binding amino acids, it should be able
to participate in both oxidative and Cr(III)-mediated reactions leading to DNA-protein
crosslinking. In the first series of experiments, we examined the conditions for optimal DPC
production by Cr(III). To prevent the formation of poorly soluble, unreactive Cr(III)
hydroxides, our reactions contained either MES or MOPS buffers, which weakly bind Cr(III)
via their sulfonate groups retaining its solubility and reactivity towards DNA (46). We found
that the majority of DPC were formed by Cr(III) within the first 3 hr with almost half of
crosslinking occurring already during 5–30 min (Fig. 1A). The DPC production appeared to
increase with higher BSA/DNA ratios at low Cr(III) concentrations (Fig. 1B). Similar to the
increased reactivity of Cr(III) toward DNA binding at lower pH (36), the DPC yield was about
3-times greater in MES, pH 6.0, than in MOPS, pH 7.0 (Fig. 1C). These results showed that
Cr(III) was clearly capable of generating DPC at neutral and near neutral pH at as low as 5
μM concentration. We attribute the need for millimolar Cr(III) concentrations and low pH to
cause DNA-BSA crosslinks in two previous studies to their use of Tris buffer (34,47), which
has low buffering capacity at neutral pH and is unable to bind Cr(III) and thereby prevent its
hydrolysis to unreactive hydroxides and concomitant acidification of the reaction mixtures.

Examination of the crosslinking activity of Cr(VI) in the presence of 1 mM Asc, which is a
principal reducer of Cr(VI) in vivo (48,49), showed that DPC formation was about 2-times
higher at pH 6.0 than at pH 7.0 and reached plateau after 3 hr incubation under both conditions
(Fig. 2A). In addition to the overall greater yield of crosslinks, pH 6.0 reactions generated DPC
much faster as evidenced by nearly completed crosslinking already at 30 min while the yield
of crosslinks at this time in pH 7.0 samples reached only about 30% of its maximal levels.
Increasing ratio of BSA to DNA ratio up to 8:1 strongly enhanced the production of DPC (Fig.
2B). Reduction of Cr(VI) by 1 mM Asc is fast (t1/2 =1 min) and essentially complete after 5
min (49). Addition of DNA 5 min after the start of Cr(VI) reduction inhibited the DPC
production with a particularly severe suppression in pH 7.0 reactions (Fig. 2C). This result
suggests that DNA modifications generated during or very shortly after Cr(VI) reduction were
important for the subsequent formation of crosslinks. Slow crosslinking following the initial
rapid formation of DPC-producing damage in 0–5 min reactions indicates that protein
conjugation is the rate-limiting step in DPC generation. The observed pH dependence for DPC
formation in complete and 5–180 min reactions was consistent with the pattern of Cr(III)
reactivity (Fig. 1C).
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Cr(III) is responsible for DPC formation in Cr(VI) reactions
To test a role of Cr(III) more directly, we examined DPC yield in the presence of two chelating
agents, EDTA and inorganic phosphate. Both chelators completely abrogated DNA-BSA
crosslinking in reactions containing Asc, GSH or Cys as Cr(VI) reducers (Fig. 3A-C). These
three reducing agents account for more than 95% of Cr(VI) reducing activity in tissues (1,48,
49). The overall yield of DNA-BSA crosslinks was modestly higher with Asc followed by
GSH and Cys reactions. Because there is no detectable Cr(V) formation at the 10:1 to 100:1
Asc to Cr(VI) ratios used here (50,51), this intermediate appears to be dispensable for DPC
production. To analyze a more complex set of DPC, we examined crosslinking in purified A549
nuclei using Cr(VI) and a mixture of its three main reducers: Asc, GSH and Cys. We found
that chelation of Cr(III) by EDTA or phosphate also completely blocked DPC formation in
nuclei (Fig. 3D).

To further investigate the importance of Cr(III) in crosslinking reactions, we tested the
susceptibility of the already formed DPC to dissociation by EDTA or phosphate. This approach
excludes the possibility of potential alterations in the reduction process and/or the spectrum of
intermediate Cr species and other products. We found that DNA-BSA crosslinks produced in
0.5 and 3 hr reactions were resistant to disruption by 10 mM EDTA during the subsequent 24
hr incubations (Fig. 4A). In contrast, a post-crosslinking addition of phosphate nearly
completely dissociated Cr(VI)-induced DNA-BSA DPC (Fig. 4B). Post-incubation in
phosphate but not in control MOPS buffer also dissociated nuclear DPC induced by Cr(VI) in
the presence of Asc, GSH and Cys (Fig. 4C), further confirming a crucial role of Cr(III) in
crosslinking. These findings indicate that one approach for the assessment of Cr-specific DPC
in biomonitoring studies could be based on the measurements of the fraction of DPC that is
susceptible to rupture by phosphate ions. However, a practical application of this strategy
would benefit from further modifications to the described phosphate reversal procedure with
the aim of suppressing observed increases in background DPC. The use of deoxygenated
solutions could potentially be helpful in ameliorating this problem.

Order of the first- and second-arm reactions in DPC formation
To examine the sequence of reactions leading to DPC, we separately modified DNA and BSA
with Cr(III) or Cr(VI)+Asc and then assessed DPC yield in mixtures with the unmodified
component added subsequently. Both Cr(III)- and Cr(VI)-modified DNA generated crosslinks
after incubations with BSA but neither type of Cr-BSA modifications produced any DPC after
mixing with unmodified DNA (Fig. 5A,B). Thus, DPC formation proceeds through initial Cr
(III)-DNA binding followed by conjugation of protein. This mechanism is different from DNA
crosslinking of small molecules, such as His, Cys or Asc, which involves attack of DNA by
binary Cr(III)-ligand complexes (35,36). Consistent with the observed order of reactions, the
presence of 2 mM Asc, Cys or GSH had no effect on DPC yield in reactions with unmodified
BSA and preformed Cr-DNA adducts (Fig. 5C). However, the presence of 2 mM Asc or GSH
but not Cys during Cr(VI) reduction with 1 mM Asc (during Cr-DNA binding) inhibited DPC
formation (Fig. 5D), reflecting decreased yields of crosslink-forming binary Cr-DNA adducts
at high concentrations of Asc and GSH (36,52).

Role of the main cellular reducers in DPC formation
Similarly to cultured primary human lung cells (53), A549 cells contain barely detectable Asc
concentrations under standard culture conditions (36,54). Asc plays a dominant role in
reductive activation of Cr(VI) in vivo (48) and it has been found to strongly enhance apoptotic,
genotoxic and mutagenic effects of Cr(VI) in human and rodent cells (37,53). However, the
role of this key reducer in the production of DPC by Cr(VI) remains poorly understood as
previous studies attempted to deliver Asc into cells through inefficient approaches (55,56) that
are associated with significant side effects (57). Under Asc-deficient culture conditions, human
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cells largely rely on GSH for Cr(VI) reduction (1). Therefore, we examined the role of both
Asc and GSH in DPC formation in A549 cells. These cells were depleted of GSH by 24 hr
preincubation with the inhibitor of glutathione synthase, BSO, which decreased GSH levels
from 4.2±0.6 to 0.15±0.2 mM (n=3). This severe drop in cellular GSH resulted in lower DPC
levels immediately and 18 hr after Cr(VI) exposure (Fig. 6A). On average, GSH-depleted cells
contained 1.9- and 3.2-times fewer DPC at 0 and 18 hr post-exposure, respectively. BSO
treatment had only a marginal impact on Cr(VI) uptake, which averaged 84.5% of the control
cells. Increasing the cellular reducing capacity by restoration of physiological Asc levels (0.9
±0.1 mM, n=3) prior to Cr(VI) treatment led to 2.2-fold higher DPC yield (Fig. 6B). This
elevated crosslinking activity did not result from significant changes in Cr(VI) uptake
following Asc loading (Fig. 6C). We have previously determined that normalization of Asc
levels in human lung H460 cells led to about 2-fold decrease in Cr(VI) uptake (37). This
difference between A549 and H460 cells was further confirmed by parallel uptake
measurements, detecting on average 2.2-times lower accumulation of Cr in Asc-preloaded
H460 cells. These analyses also found that A549 cells had approximately 5-times lower Cr(VI)
accumulation than H460 cells, which explains the strong resistance of A549 cells to Cr(VI)
toxicity (54) and the need for the relatively high Cr(VI) concentrations for the induction of
genotoxic effects under short exposure conditions.

Conclusions
Our results showed that DPC formation involved reduction of Cr(VI) to Cr(III), formation of
DNA-Cr(III) adducts and subsequent capture of proteins by DNA-bound Cr(III). The second-
arm reaction of protein conjugation was the rate-limiting step in the crosslinking process. The
inability of Cr-protein adducts to produce crosslinks probably resulted from the blocked
reactivity of Cr(III) due to its multidentate coordination to several readily available groups
(peptide bonds, SH, COOH, imidazole nitrogen). Unlike aldehydes (32,40), Cr(VI)-induced
crosslinking does not require stable protein-DNA binding, which explains the presence of large
amounts of the nonbinding protein actin but a complete absence of histones in Cr(VI)-induced
cellular DPC (6,7,33,43). Stable association of proteins with DNA typically involves ionic
interactions between negatively charged phosphate groups and positively charged Lys or Arg
side chain groups. Cr(III) preferentially binds Cys, His and negatively charged side chain
COOH groups in Glu and Asp (1), all of which are rarely found in close contact with the duplex
in DNA-binding proteins. While some promoter-bound repressor complexes were crosslinked
in Cr(VI)-treated cells (25), this could reflect a somewhat unusual proximity of Cr(III)-
coordinating amino acids to DNA either in the bound state or transiently during binding. The
observed slow conjugation of the protein component at neutral pH helps explain a prolonged
DPC accumulation in primary human lymphocytes (8), which are inefficient in repair of these
lesions (40). Poor ability of EDTA to dissociate Cr(III)-containing linkages could have been
be responsible for the variable results obtained with this chelator in assessing the role of Cr
(III) in chromate-induced crosslinking in cells (7,33). In contrast, phosphate was very efficient
in DPC dissociation and this property could be exploited for a more specific determination of
Cr-induced DPC in human biomonitoring studies. The inability of protein-bound Cr(III) to
react with DNA indicates that, in contrast to DPC-forming bifunctional aldehydes targeting
duplex-proximal lysine groups (32), Cr(III) binding by chromatin proteins diminishes the
overall DNA damage by Cr(VI).
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Abbreviations

Asc ascorbate

BSA bovine serum albumin

DPC DNA-protein crosslink

GSH glutathione

MES 4-morpholinoethanesulfonic acid

MOPS 4-morpholinepropanesulfonic acid

PMSF phenylmethanesulfonyl fluoride
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Figure 1. DPC formation by Cr(III) under different reaction conditions
Standard reaction mixtures contained 5 μg DNA, 60 μg BSA, 25 mM MES (pH 6.0) and
indicated Cr(III) concentrations. Data are means ±SD (n=3). Where not seen, error bars were
smaller than symbols. (A) Time-course of DNA-BSA crosslinking by Cr(III). (B) Yield of
DPC as a function of BSA concentration (reaction time =3 hr). (C) Effect of pH on the formation
of DPC (pH 6.0 – 25 mM MES, pH 7.0 – 25 mM MOPS).
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Figure 2. Influence of reaction conditions on DPC formation by Cr(VI)
Standard reaction mixtures contained 5 μg DNA, 60 μg BSA, 25 mM MES (pH 6.0) or 25 mM
MOPS (pH 7.0), 1 mM Asc and 0 or 100 μM Cr(VI). Data are means ±SD (n=3). Where not
seen, error bars were smaller than symbols. (A) Time-course of DNA-BSA crosslinking. (B)
DPC formation as a function of BSA concentration (reaction time =3 hr, MES buffer). (C)
Importance of the initial reaction period in the DPC production (0 – 180 min, DNA was added
before the start of Cr(VI) reduction; 5 – 180 min, DNA was added 5 min after the start of Cr
(VI) reduction).
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Figure 3. DPC formation by Cr(VI) in the presence of the different reducers and Cr(III) chelators
Standard reaction mixtures in panels A-C contained 5 μg DNA, 60 μg BSA, 25 mM MOPS
(pH 7.0) or 25 mM Na-phosphate buffer (pH 7.0), Cr(VI) and indicated reducers. Data are
means ±SD (n=3). Where not seen, error bars were smaller than symbols. (A) BSA-DNA
crosslinking in reactions containing 1 mM Asc (Pi - phosphate buffer, EDTA – MOPS buffer
containing 5 mM EDTA). (B) BSA-DNA crosslinking in the presence of 10 mM GSH or (C)
2 mM Cys. (D) DPC formation in purified A549 nuclei by Cr(VI) activated by a mixture of its
main reducers (1 mM Asc, 2 mM GSH and 0.5 mM Cys).
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Figure 4. Reversibility of Cr(VI)-induced DPC by Cr(III) chelators
Reaction conditions and definitions were as in Fig. 3. Stability of DPC was assessed during 24
hr incubations with 5 mM EDTA or 50 mM phosphate (pH 7.0) at 37°C. (A) Resistance of
DNA-BSA crosslinks formed in Cr(VI)/1mM Asc reactions to dissociation by EDTA. EDTA
was added 0.5 (left panel) or 3 hr (right panel) after the start of Cr(VI) reduction. (B) As panel
A except that phosphate buffer (Pi) was tested for the DPC reversibility. (C) Reversibility of
Cr(VI)-induced DPC in A549 nuclei. DPC were formed by incubating purified nuclei in 25
mM MOPS (pH 7.0) in the presence of 100 μM Cr(VI) and a mixture of its main biological
reducers (1 mM Asc, 2 mM GSH and 0.5 mM Cys). Nuclei were processed for DPC
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measurements immediately after 3 hr initial reactions (−) and following additional 24 hr
incubations at 37°C in 50 mM MOPS, pH 7.0 (MOPS) or 50 mM phosphate, pH 7.0 (Pi).
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Figure 5. DPC formation using separately produced Cr-DNA and Cr-BSA adducts
DNA and BSA were separately modified in 30-min long reactions with Cr(III) or mixtures of
Cr(VI)-1 mM Asc, purified using BioGel P-30 columns and then incubated for 3 hr with the
unmodified component to produce DPC. Data are means ± SD (n=3). If not seen, error bars
were smaller than symbols. (A) DPC formation using BSA or DNA modified with Cr(III) or
(B) Cr(VI). (C) The presence of small ligands has no effect on DPC formation in reactions of
BSA with pre-formed Cr-DNA adducts. DNA was modified with 100 μM Cr(VI)/1 mM Asc
for 30 min, purified using BioGel P-30 columns and incubated for 3 hr with BSA in the presence
of 2 mM Asc, Cys or GSH. (D) Influence of small ligands on DPC production during Cr(VI)
reduction with 1 mM Asc. Ctrl – standard reaction, +Asc – additional 2 mM Asc was added,
+Cys – 2 mM Cys was added, +GSH – 2 mM GSH was added.
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Figure 6. Impact of Asc and GSH on DPC formation in A549 cells
All Cr(VI) exposures were for 3 hr in serum-free medium. Data are means±SD. (A) DPC levels
in cells with and without pretreatment with 0.1 mM BSO for 24 hr. DPC were measured either
immediately (left panel) or 18 hr after Cr(VI) treatments (right panel). (B) Formation of DPC
in control and 1 mM Asc-preloaded cells. (C) Cr accumulation by A549 cells with and without
Asc-preloading.
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