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ABSTRACT: Certain particulate compounds of hexavalent chromium are well-known occupational and
environmental human carcinogens. Hexavalent chromium primarily enters the cells and undergoes
metabolic reduction; however, the ultimate trivalent oxidation state of chromium, Cr(III), predominates
within the cell. DNA-bound Cr(III) has been previously shown to decrease the fidelity of replication in
the M13 phage mutation assay. This study was done to understand how Cr(III), in the presence of
physiological concentrations of magnesium, affects the kinetic parameters of steady-state DNA synthesis
in vitro across site-specificO6-methylguanine (m6dG) residues by DNA polymeraseâ (pol â). Cr(III)
binds to the short oligomer templates in a dose-dependent manner and stimulates the activity of polâ.
Cr(III) stimulates the mutagenic incorporation of dTTP opposite m6dG more than the nonmutagenic
incorporation of dCTP, and thereby Cr(III) further decreases the fidelity of DNA synthesis across m6dG
by pol â. In contrast, Cr(III) does not affect the fidelity of DNA synthesis across the normal template
base, dG. Both the enhanced activity and the mutagenic lesion bypass in the presence of Cr(III) may be
associated with Cr(III)-dependent stimulation of polâ binding to DNA as reported here. This study
shows some of the mechanisms by which mutagenic chromium affects DNA synthesis.

Chromium is a well-known genotoxic and carcinogenic
metal (1-5). Chromium enters cells predominantly in the
hexavalent state, and is metabolically reduced by intracellular
reducing agents, primarily ascorbic acid and glutathione, to
the ultimate, stable Cr(III)1 form. Most of the chromium in
living cells exists as Cr(III). There is no known mechanism
by which Cr(III) can be excreted from cells; thus, it may
accumulate with prolonged exposure. Cr(III), but not Cr(VI),
forms complexes with DNA, dNTP’s, and proteins such as
glutathione (6). Cr(III) decreases the fidelity and increases
the processivity (the number of dNTP’s incorporated per
single polymerase binding event) of DNA polymerases
during DNA synthesis in vitro (7-11). When Cr(III)-treated
M13 bacteriophage DNA is transfected intoE. coli, there is
a dose-dependent increase in the mutation frequency (12).
Cr-histidine and Cr-glutathione adducts are also mutagenic
in human cells (13) and bacteria (14). These studies indicate
that Cr(III) may play a role in the mutagenesis and carcino-
genesis of chromium in vivo. This observation is verified
by other studies that show that Cr(III) is mutagenic in
mammalian and bacterial cells when its uptake is facilitated
by phagocytosis or by complexing with organic ligands (2).

In the present study, we have investigated the effect of
Cr(III) on the fidelity of a model DNA polymerase, polâ,
during DNA synthesis across a DNA lesion, m6dG, site-
specifically located in a short oligomeric template. Polâ is
an ideal polymerase to study the effects of metals on DNA
synthesis for several reasons. It has a simple, single-subunit
structure, with no confounding 5′-3′ exonuclease activity
[reviewed by Wilson (1990)], and crystallographic studies
of pol â complexed with DNA, dNTP’s, and metals [includ-
ing Cr(III)] have been reported (15-17). m6dG is a
cytotoxic, mutagenic, and carcinogenic DNA lesion that
results from exposure to methylating agents such asN-
methyl-N′-nitro-N-nitrosoguanidine (MNNG) (18-20). We
have previously reported the mechanisms of DNA synthesis
across m6dG, and the preferential incorporation of the
mutagenic substrate, dTTP, by polâ (21). The steady-state
approach was used to individually look at the sequential steps
of nucleotide insertion opposite the lesion and postlesion
extension, by varying the concentrations of the nucleotide
substrates, dCTP and dTTP.

We report here that at low, physiologically relevant,
submicromolar concentrations, Cr(III) stimulates the activity
as well as the DNA-binding affinity of polâ. Cr(III) further
decreases the fidelity of polâ during DNA synthesis across
m6dG in vitro and stimulates the mutagenic bypass of the
lesion.

MATERIALS AND METHODS

Purified recombinant human DNA polymeraseâ was a
kind gift from Dr. Samuel Wilson, NIEHS, Research Triangle
Park, NC (formerly at the Sealy Center for Molecular
Science, University of Texas Medical Branch, Galveston,
TX). The oligonucleotide primer-templates used for this
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study are shown in Figure 1. Other materials and methods
used for this study have been previously published in detail
(21). Additional details pertaining to the Cr(III) assays are
given here.

Measurement of Binding of Cr(III) to 44TGG Template
DNA. Cr(III) treatment of the 44G template was done by
the method of Snow and Xu (7); 50 pmol of 44G DNA was
incubated for 30 min at 37°C with 0-50 µM 51CrCl3‚6H2O
(Sigma, St. Louis, MO) in a 50µL reaction containing 200
µM Tris and 20µM EDTA (pH 8). This mixture was then
passed through a Sephadex G-25 column to remove unbound
Cr(III). The number of Cr(III) ions bound per template were
calculated after correcting for the loss of DNA during
filtration.

The assays involving Cr(III) were done in the presence
of Mg(II) and physiologically relevant concentrations of
Cr(III). Cr(III) alone was not able to activate polâ (data
not shown). To study the effects of Cr(III) on DNA
synthesis, templates were treated with CrCl3, as described
above. The Cr(III)-treated templates were then hybridized
to different primers and replicated by polâ. It was observed
that the effect of Cr(III) was similar whether the DNA was
pretreated with Cr(III) or when the final effective concentra-
tion (10% of the initial concentration) of Cr(III) was directly
incubated with DNA for 30 min at room temperature before
the replication/binding reactions. Thus, in most experiments
Cr(III) was added directly to the replication/binding reactions
at a final concentration of 0.1-0.4 µM. This was the
concentration range of Cr(III) that had the greatest stimu-
latory effect on the activity of polâ. The binding of polâ
to DNA was also greatly stimulated by 0.1-0.4µM Cr(III),
suggesting that this was the appropriate concentration of
Cr(III) for the binding and DNA synthesis experiments. In
all cases, the kinetics of insertion and bypass with and
without Cr(III) for each set of primer-templates were
determined in the same set of experiments. This allows for
a direct comparison of the results( Cr(III) under otherwise
identical conditions.

Binding of Polâ to m6dG-Modified and Normal DNA in
the Presence of Cr(III). This assay (shown in Figure 2A)
was based on the enzyme-trapping assay by Menichini et
al. (22) and was designed to provide a convenient index of

the relative binding of polâ to 24/44G* (prelesion complex)
and the normal 24mer-44TGG DNA in the presence of
Cr(III). In this two-step assay, polâ (2 pmol) and unlabeled
24/44G* or 24/44G DNA (10 pmol) were incubated together
on ice for 30 min with different concentrations of Cr(III)
(added directly to the reaction) to allow equilibrium binding.
Next, 10 pmol of the labeled trap/competitor (32P-20/44G)
(added to scavenge unbound polâ) and all four dNTP’s (50
µM each) were added, and DNA synthesis was allowed to
occur for 0.5 min at 37°C. The trap DNA was added in
the same concentration as the unlabeled target DNA so that
there was no appreciable shift in the binding equilibrium to
favor dissociation of polâ from the unlabeled DNA.
Extension of the 20mer trap primer is due to the fraction of
pol â molecules that are not specifically bound to 24/44G*
or 24/44G. The reaction products were denatured by heating
at 100 °C for 5 min and resolved by 16% denaturing
polyacrylamide gel electrophoresis. This was followed by
autoradiography and densitometric quantitation of the bands
corresponding to the 20mer trap primer and its extension
products (the unlabeled 24mer primer of the target DNA does
not show on the autoradiograph). The percent extension of
the 20mer trap primer was determined as

This is an inverse index of the binding affinity of polâ for
the modified and normal templates. The extension of the
trap primer alone in the presence of Cr(III) was also
determined.

DNA Synthesis Assays with Cr(III). The effect of 0.1µM
Cr(III) on the different steps of running-start DNA synthesis
across m6dG (prelesion block, insertion opposite the lesion,
and postlesion extension) by polâ (0.2 unit) was determined
in the presence of all four normal dNTP’s (50µM each).
The primer-template was 20/44G* (10 pmol), and the
reaction time was 5 min at 37°C. Steady-state kinetic assays
of nucleotide insertion and base pair extension were per-
formed as described previously (21), but in the presence of
Cr(III) at a final concentration of 0.4µM. Briefly, the
concentration of either dCTP or dTTP was varied in separate
running-start nucleotide insertion reactions with normal or
modified template DNA. Standing-start base pair extension
studies were done with 25mers ending with dC or dT
hybridized with normal or modified primers, and the
concentration of the next correct nucleotide, dCTP, was
varied. The primer-template combinations used are shown
in Figure 1. The radiolabeled primers and the extension
products were analyzed by 16% polyacrylamide gel elec-
trophoresis, autoradiography, and densitometry.

During the steady state, the concentration of the poly-
merase-DNA (enzyme-substrate) complex is maintained
at a steady level by having a large excess of the DNA
substrate. The rule that less than 20% of the original primer
be extended during steady-state conditions (23) was adhered
to during all DNA synthesis assays. This approach mini-
mizes any changes in the off-rate (polymerase-DNA dis-
sociation constant) which can confound the comparison of
band intensity ratios in fidelity measurements (24).

Statistics. Standard errors associated with the kinetic
parameters of DNA synthesis (KM andVmax) were generated

FIGURE 1: Deoxyoligonucleotide primer-templates used in this
study. G* indicates the presence of m6G.

100× total IOD of the extension products
total lane IOD
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FIGURE 2: Effect of Cr(III) on the binding of polâ to 24/44G* and 24/44G DNA. (A) Binding assay: The unlabeled target DNA (24/44G*
or 24/44G) was incubated with polâ on ice for 30 min in the presence of different concentrations of Cr(III). Next, the labeled competitor
(trap) DNA, 32P-20/44G, and dNTP’s were added, and DNA synthesis was allowed to occur for 0.5 min at 37°C. Extension of the32P-
20mer was quantitated by gel autoradiography and scanning densitometry, and the ratio of the extended to the nonextended 20mer was
determined. Copying of the labeled trap DNA is due to the fraction of polâ molecules not bound to the unlabeled target DNA and is
therefore an inverse index of the binding affinity of polâ for the unlabeled DNA. (B) Gel autoradiogram of the binding assay: At each
concentration of Cr(III), lane 1 shows the replication of the 20/44G competitor alone, and lanes 2 and 3 show replication of the 20/44G
competitor DNA by the fraction of polâ not bound to either 24/44G or 24/44G* target DNA, respectively. (C) Graphical presentation of
the effect of Cr(III) on the average binding index for 24/44G* and 24/44G DNA ((the range), measured as the inverse of the amount of
DNA synthesis on the trap DNA alone (left axis), and the effect of Cr(III) on synthesis of the trap DNA alone (right axis). One asterisk
indicates marginal significance (p ) 0.1), and two asterisks indicate a significant difference in the binding index (p < 0.01) compared to
the control with no Cr(III).
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by the Kcat enzyme kinetics software (Biometallics Inc.,
Princeton, NJ). This program fits the velocity versus sub-
strate concentration data directly to the Michaelis-Menten
equation using a robust weighted nonlinear regression method
(25). The standard errors associated with efficiencies of
insertion and extension (f1 and f2, respectively) and overall
efficiency (f1 × f2) values were calculated using standard
formulas for the variance of ratios and products (26, 27).
Statistical comparisons were done by Student’st-test,
wherever appropriate.

RESULTS

Binding of Cr(III) to the 44G DNA Template. Binding of
radioactive51Cr(III) to the 44G template DNA was deter-
mined as a function of the initial concentration of51CrCl3.
The binding of Cr(III) to the DNA occurred in a linear, dose-
dependent manner. We have previously reported a similar
dose-dependent binding of Cr(III) to M13 DNA (7). After
removal of the nonbound Cr(III), the final concentration of
Cr(III) was approximately 10% of the initial concentration.
At the optimal (stimulatory) concentration of 0.4µM, there
is an average of less than one Cr(III) ion bound per molecule
of template DNA.

Effect of Cr(III) on the Binding of Polâ to the Prelesion
Complex. This assay was performed to determine whether
Cr(III) (added to the reactions directly) alters the binding of
pol â to the prelesion complex (24/44G*) DNA or its normal
counterpart (24/44G). The assay is shown in Figure 2A.

Figure 2B depicts a gel autoradiogram showing the DNA
synthesis of the 20/44G competitor alone (lane 1), in the
presence of 24mer-44TGG (lane 2), or in the presence of
24mer-44TXG (lane 3), plus various concentrations of
Cr(III), as noted. Figure 2C shows that submicromolar con-
centrations of Cr(III) (0.1 and 0.4µM) stimulated the binding
of pol â to both the m6dG-containing and normal DNA
primer-templates 5-6-fold relative to the control [0µM
Cr(III)]. At higher concentrations of Cr(III) (1-5 µM), the
binding progressively decreased to control levels.

Effect of Cr(III) on the ActiVity of Pol â. The effect of
Cr(III) on the activity of pol â was determined in three
independent primer extension assays (a representative assay
is shown in Figure 3) and in an additional assay that
measured the incorporation of radioactive nucleotides into
activated calf thymus DNA (not shown). All four assays
showed a distinct stimulatory effect of submicromolar Cr(III).
In the three primer extension assays, the average activity of
pol â, as measured by the percent primer extension ((the
standard deviation), was 59.1% ((8.1%) in the absence of
Cr(III) and 78.3 ((0.5%) in the presence of 0.1 or 0.4µM
Cr(III). This stimulatory effect of Cr(III) was statistically
significant (0.01> p > 0.005). Higher micromolar con-
centrations inhibited DNA synthesis in a dose-dependent
manner (data not shown). Submicromolar final concentra-
tions of Cr(III) were previously shown to stimulate the
activity of pol â on the M13 phage single-stranded DNA
template (7).

Effect of Cr(III) on the Replication Across m6dG by Polâ
in Single-Stranded DNA in the Presence of All dNTP’s.
Figure 3A presents a gel autoradiogram showing the effect
of 0.1 µM Cr(III) on extension of the 20mer primer on the
44G* template by polâ. Lanes 1 and 2 show extension of
the 20mer in the absence and presence of 0.1µM Cr(III),
respectively. Figure 3B is a graphical representation of the
effect of Cr(III) on the different steps of replication across
m6dG by pol â. The columns represent the percent of
extended primer at the prelesion (1), lesion (2), and postlesion
(3) sites. Cr(III) decreased prelesion blockage and stimulated
both nucleotide insertion opposite the lesion and postlesion
extension. These results indicate that Cr(III) stimulates the
ability of pol â to bypass m6dG in a single-stranded template.
This was also observed in the steady-state kinetic assays,
indicating good correlation between the different experi-
mental approaches used to understand the effects of Cr(III)
on DNA replication.

Effect of Cr(III) on the Steady-State Kinetics of DNA
Synthesis Across dG and m6dG by Pol â. This was
determined in separate nucleotide insertion and base-pair
extension assays by varying the concentrations of the
individual nucleotide substrates, dCTP and dTTP. The

FIGURE 3: Effect of Cr(III) on DNA synthesis across m6dG by pol
â in single-stranded DNA. (A) Gel autoradiogram: Lanes 1 and 2
of the gel autoradiogram show the replication of 20/44G* (10 pmol)
in the absence and presence of 0.1µM Cr(III), respectively. The
reaction contained 0.2 unit of polâ and 50µM of each of the four
dNTP’s. Reaction time was 5 min. (B) Graphical presentation of
the data shown in (A): The bars indicate the percentage of extended
primer at the prelesion, lesion, and postlesion sites, as noted. The
percent of total primer extension (i.e., the activity of polâ) in the
absence and presence of Cr(III) was 52.2% and 78.3%, respectively.

Table 1: Effect of 0.4µM Cr(III) on Running-Start Insertion Opposite dA and dG by Polâa

dNMP f base primer-template Cr KM(app)(µM) Vmax(rel) [rlOD min-1] f1 insertion relativef1

dTMP f dA 20/44G - 2.5 (0.4) 8.0 (0.6) 3.2 (0.6) 1.0
+ 3.7 (2.2) 9.1 (2.7) 2.5 (1.6) 0.8

dTMP f dG 20/44G - 2.9 (0.5) 3.9 (0.3) 1.3 (0.3) 1.0
+ 1.0 (0.1) 2.4 (0.1) 2.4 (0.2) 1.8

dTMP f dG 23/44TGT - 840 (144) 9.3 (0.6) 1.1× 10-2 (0.2× 10-2) 1.0
+ 846 (109) 11.0 (0.6) 1.3× 10-2 (0.2× 10-2) 1.2

a f1 ) Vmax/KM. Numbers in parentheses indicate the standard errors.
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results of these assays show that Cr(III) decreases the fidelity
of pol â by exerting different effects on the mutagenic versus
the nonmutagenic bypass of m6dG.

The steady-state kinetic parameters of running-start inser-
tion of both dCMP and dTMP opposite template dG and
m6dG in the TGG and TG*G sequence contexts were
determined in the presence of 0 and 0.4µM Cr(III). 44TGT
was used to measure the insertion of dTMP opposite dG.
The kinetic parameters of insertion of dCMP and dTMP
opposite template dG are tabulated in Table 1. Cr(III) does
not significantly change theKM(app), the Vmax(rel), or the
efficiency of insertion of dTMP opposite dA or dG, but does
decrease theKM(app) for insertion of dCMP opposite dG by
3-fold and increases theVmax(rel) for insertion of dCMP
opposite dG slightly (Table 1). The net result is that the
efficiency of insertion of dCMP opposite template dG is
increased almost 2-fold in the presence of Cr(III). Thus,
Cr(III) neither alters the fidelity nor enhances mutagenesis
at the normal base dG during the initial the insertion step.

Cr(III) has a more pronounced effect on the insertion of
dCMP and dTMP opposite m6dG. Figure 4A and Figure
4B (left and right panels, respectively) show Hanes-Woolf
plots of the effect of 0.4µM Cr(III) on the insertion of dCMP
and dTMP opposite m6dG, respectively. The kinetic pa-
rameters of nucleotide insertion opposite m6dG are presented
in Table 2. Cr(III) increases theVmax(rel) for the insertion of
dCMP opposite m6dG by 3.8-fold while theKM(app) is slightly
increased. The net effect is that Cr(III) increases the
efficiency of insertion of dCMP opposite m6dG by 2.7-fold.
While Cr(III) stimulates this nonmutagenic event by increas-
ing the Vmax(rel), it stimulates the mutagenic event, the
insertion of dTMP opposite m6dG, to a similar extent
predominantly by decreasing theKM(app) (Table 2). Cr(III)
stimulates the insertion of both the mutagenic and nonmu-

tagenic substrates almost equally, so there is no significant
mutagenic effect induced by Cr(III) at the insertion step
during DNA synthesis across m6dG by polâ.

The effects of 0.4µM Cr(III) on the steady-state kinetics
of standing-start extension from the normal base pairs, dC-
dG and dT-dG, are presented in Table 3. Cr(III) increases
both the KM(app) and the Vmax(rel) for the standing-start
extension from dC-dG such that the overall efficiency is
unaffected (Table 3). However, while Cr(III) does not alter
the efficiency of extension from the normal Watson-Crick
base pair, dC-dG, theKM(app) for extension from the wobble
(non-Watson-Crick) base pair, dT-dG, is decreased by 2.7-
fold in the presence of Cr(III). TheVmax(rel), on the other
hand, is not significantly affected (Table 3). Thus, Cr(III)
is able to stimulate extension from the mutagenic dT-dG
mispair by a factor of 2.3. While Cr(III) does not enhance
the mutagenic insertion of dT opposite dG (Table 1), it does
stimulate the mutagenic extension from the dT-dG base pair.

Figure 5A and Figure 5B show Hanes-Woolf plots of
the effect of Cr(III) on the standing start extension from dC-
m6dG and dT-m6dG base pairs, respectively. Again, Cr-
(III) does not greatly affect the extension from the nonmu-
tagenic base pair, dC-m6dG, although it stimulates the

FIGURE 4: (A, left panel) Hanes-Woolf plot showing the effect
of Cr(III) on the running-start insertion of dCMP opposite m6dG.
The reaction contained 0.4µM Cr(III), pol â (0.2 unit), 23/44G*
primer-template (10 pmol), and dATP at a fixed concentration of
10 µM. The concentration of dCTP was varied. Reaction time was
0.5 min. (B, right panel) Running-start insertion of dTMP opposite
m6dG. The reaction contained 0.4µM Cr(III), pol â (0.3 unit), 23/
44G* primer-template (10 pmol), and dCTP, dATP, and dGTP at
a fixed concentration of 50µM each. The concentration of dTTP
was varied. Reaction time was 5 min.

Table 2: Effect of 0.4µM Cr(III) on Running-Start Insertion of dCMP and dTMP Opposite m6dG by Polâa

dNTPf base primer-template Cr KM(app)(µM) Vmax(rel) [rlOD min-1] f1 insertion relativef1

dCTP 23/44G* - 173 (32) 0.05 (0.01) 2.9× 10-4 (0.6× 10-4) 1.0
+ 240 (18) 0.19 (0.01) 7.9× 10-4 (0.7× 10-4) 2.7

dTTP 20/44G* - 7.6 (0.9) 0.12 (0.01) 1.6× 10-2 (0.2× 10-2) 1.0
+ 1.8 (0.6) 0.09 (0.01) 5.0× 10-2 (1.7× 10-2) 3.1

a f1 ) Vmax/KM for insertion. Numbers in parentheses indicate the standard errors.

Table 3: Effect of 0.4µM Cr(III) on Standing-Start Extension from
dC-dG and dT-dG Base Pairs by Polâa

base
pair Cr

KM(app)
(µM)

Vmax(rel)
(rlOD min-1)

f2
(extension)

f2
relative

dC-dG - 9.6 (2.3) 0.32 (0.02) 3.3× 10-2 (0.8× 10-2) 1.0
+ 43.5 (4.3) 1.56 (0.06) 3.6× 10-2 (0.4× 10-2) 1.1

dT-dG - 135.6 (47.8) 0.029 (0.002) 2.1× 10-4 (0.8× 10-4) 1.0
+ 50.8 (15.6) 0.025 (0.002) 4.9× 10-4 (1.6× 10-4) 2.3

a These terminal base pairs were formed using the 25C/44G and 25T/
44G primer-templates, respectively.f2 ) Vmax/KM for extension.
Numbers in parentheses indicate the standard errors.

FIGURE 5: (A) Hanes-Woolf plot showing the effect of 0.4µM
Cr(III) on the standing-start extension from the dC-m6dG terminal
base pair. The primer template, 25C/44G* (8 pmol), was replicated
by polâ (0.2 unit). The concentration of the next correct nucleotide
substrate, dCTP, was varied. Reaction time was 2 min. (B) Standing-
start extension from the dT-m6dG terminal base pair. The primer
template, 25T/44G* (8 pmol), was replicated by polâ (0.2 unit).
The concentration of the next correct nucleotide substrate, dCTP,
was varied. Reaction time was 2 min.
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extension from the mutagenic base pair, dT-m6dG (Table
4). This effect is due predominantly to a 3.2-fold decrease
in the KM(app) for insertion of the next correct nucleotide,
dCTP.

Thus, while Cr(III) does not greatly decrease the fidelity
at the insertion step, it causes a more pronounced decrease
in the fidelity at the extension step during DNA synthesis
across m6dG by pol â. This is consistent with our earlier
studies showing that the kinetic discrimination mechanisms
of pol â are more relaxed during the extension step than the
insertion step (21).

The overall efficiency of synthesis across a given template
base is the product of the efficiency of insertion and
extension. Cr(III) stimulates replication across the normal
template base, dG, by polâ by increasing the efficiency of
incorporation of both dCMP and dTMP (Table 5), but does
not significantly affect the fidelity. In contrast to the limited
effects during DNA synthesis across dG, Cr(III) stimulates
the synthesis across m6dG more robustly. The nonmutagenic
incorporation of dCMP opposite m6dG is stimulated by a
factor of 3.8 (Table 6), but more notably, the mutagenic
incorporation of dTMP is stimulated by a factor of 15.4. In
summary, submicromolar concentrations of Cr(III) decrease
the fidelity of polâ at m6dG by mediating a 4-fold preference
for mutagenic bypass.

For a distributive enzyme such as polâ, the effects of
chromium on DNA synthesis are concurrent with the effects
on the binding affinity (i.e., changes in the off-rate or binding
constant) of polâ to the DNA template. The observed
effects on the fidelity are likely to be a manifestation of both
decreased kinetic discrimination and increased binding
affinity. However, calculation of the ratio of efficiencies
[f(rel)] of the correct (nonmutagenic insertion of, or extension
from, dC) versus incorrect steps (mutagenic insertion of, or

extension from, dT) during synthesis across dG and m6dG
allows for the determination of the effects of Cr(III) on the
fidelity of DNA synthesis independent of the effects on
binding [the effect of Cr(III) on the off-rate cancels out].
The f(rel) values are tabulated in Table 7.f(rel) values greater
than 1.0 signify decreased fidelity. It can be seen from Table
7 that Cr(III) decreases the fidelity at the base pair extension
step during synthesis across both dG and m6dG. Cr(III)
decreases the fidelity at m6dG almost 4-fold while the overall
synthesis across dG is not greatly affected.

DISCUSSION

Physiologically relevant (28), submicromolar concentra-
tions of Cr(III) produce the following three interrelated
effects: (1) stimulation of the activity of polâ; (2)
stimulation of binding of polâ to DNA; and (3) decreased
fidelity of replication across m6dG by pol â. Higher
micromolar concentrations of Cr(III) lacked these effects. It
is notable that the stimulatory effect of Cr(III) on the binding
of pol â to DNA was similar for both m6dG-modified and
normal DNA, but Cr(III) exerted greater stimulatory and
mutagenic effects during DNA synthesis across m6dG than
across dG. Thus, while Cr(III) may not greatly alter normal
genomic replication in vivo, it may increase the mutagenic
potential of endogenously induced DNA lesions (e.g., due
to oxidative or alkylation damage).

The steady-state kinetic analysis reported here shows that
Cr(III) affects the discrimination by polâ by altering both
KM andVmax. We and others have previously reported that
pol â itself utilizes differences in bothKM and Vmax to
discriminate between the correct and incorrect nucleotide
substrates (21, 29). A mechanistic interpretation may be that
Cr(III) affects both the binding interactions of polâ with
the incoming dNTP substrate (KM effect) as well as the rate
of the phosphodiester bond formation which comprises the
catalytic step (Vmax effect).

Cr(III) decreases the fidelity of replication across m6dG
and, to a lesser extent, across dG, primarily at the extension
step. Polâ has relaxed kinetic discrimination at the extension
step (21) and is able to replicate primer-templates with one
or more terminal mispairs (30, 31). Thus, these results
indicate, for the first time, that the insertion and extension
steps of replication by DNA polymerases are not equally
susceptible to a Cr(III)-mediated decrease in kinetic dis-
crimination. Pre-steady-state kinetic studies and structural
studies of the insertion and extension complexes of Cr(III),
Mg(II), pol â, primer-templates, and dNTP’s may elucidate
the molecular mechanisms of this differential effect.

Table 4: Effect of 0.4µM Cr(III) on Standing-Start Extension from
dC-m6dG and dT-m6dG by Polâa

base
pair Cr

KM(app)

(µM)
Vmax(rel)

(rlOD min-1) f2 extension
relative

f2

dC-m6dG - 4.8 (1.9) 0.042 (0.003) 8.8× 10-3

(3.5× 10-3)
1.0

+ 6.0 (2.5) 0.071 (0.003) 1.2× 10-2

(0.5× 10-2)
1.4

dT-m6dG - 43.5 (20.3) 0.066 (0.010) 1.5× 10-3

(0.7× 10-3)
1.0

+ 13.6 (4.0) 0.10 (0.01) 7.4× 10-3

(2.3× 10-3)
4.9

a These terminal base pairs were formed using the 25C/44G* and
25T/44G* primer-templates, respectively.f2 ) Vmax/KM. Numbers in
parentheses indicate the standard errors.

Table 5: Effect of Cr(III) on the Overall Incorporation of dCMP
and dTMP Opposite dG by Polâa

base
pair Cr f1 insertion f2 extension f1 × f2 overall

relative
f1 × f2

dC-dG - 1.3 (0.3) 3.3× 10-2

(0.8× 10-2)
0.044 (0.012) 1.0

+ 2.4 (0.2) 3.6× 10-2

(0.4× 10-2)
0.086 (0.009) 2.0

dT-dG - 1.1× 10-2

(0.2× 10-2)
2.1× 10-4

(0.8× 10-4)
2.3× 10-6

(0.9× 10-6)
1.0

+ 1.3× 10-2

(0.2× 10-2)
4.9× 10-4

(1.6× 10-4)
6.4× 10-6

(2.2× 10-6)
2.8

a Numbers in parentheses indicate the standard errors.

Table 6: Effect of 0.4µM Cr(III) on the Overall Incorporation of
dCMP and dTMP Opposite m6dG by Polâa

base
pair Cr f1 insertion f2 extension

f1 × f2
incorporation

relative
f1 × f2

dC-m6dG - 2.9× 10-4

(0.6× 10-4)
8.8× 10-3

(3.5× 10-3)
2.5× 10-6

(1.1× 10-6)
1.0

+ 7.9× 10-4

(0.7× 10-4)
1.2× 10-2

(0.5× 10-2)
9.5× 10-6

(4.0× 10-6)
3.8

dT-m6dG - 1.6× 10-2

(0.2× 10-2)
1.5× 10-3

(0.7× 10-3)
2.4× 10-5

(1.2× 10-5)
1.0

+ 5.0× 10-2

(1.7× 10-2)
7.4× 10-3

(2.3× 10-3)
3.7× 10-4

(1.4× 10-4)
15.4

a Numbers in parentheses indicate the standard errors.
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Cr(III) may mediate its stimulatory and mutagenic effects
by interfering with the interactions and functions of Mg(II),
the physiological metal ion activator of DNA polymerases,
at one or more of the several metal ion coordination sites in
pol â. Polâ exhibits relatively weak interactions with singly
primed templates and, under these conditions, is a predomi-
nantly distributive enzyme that dissociates from the primer-
template after each nucleotide incorporation event. The
activity of pol â on gapped primer-templates is much more
processive (32) and as a consequence is likely to be less
susceptible to the action of Cr(III). Cr(III) is more electro-
positive than Mg(II), and therefore could act as a stronger
bridging metal and result in stronger interactions between
pol â and the template. Enhanced template binding may
then allow greater processivity and activity in the presence
of Cr(III). Pol â apparently dissociates from the prelesion
site when it encounters m6dG, resulting in the observed
prelesion block. By stimulating the binding of polâ to the
prelesion complex, Cr(III) may decrease the abortive dis-
sociation and enhance the bypass of m6dG by pol â with
reduced fidelity. Previous studies from this laboratory
suggest that Cr(III) also enhances the binding of DNA
polymerase I (Klenow fragment) to DNA, thereby increasing
its processivity and decreasing its fidelity of replication (7,
8, 10, 11).

There are two metal-binding sites that coordinate with the
three conserved catalytic aspartate residues in the active site
of pol â (16, 17, 33). Crystallographic analyses of Cr(III)-
pol â DNA-dATP complexes showed no evidence of either
Cr(III) bound to the catalytic metal ion sites or the occurrence
of the nucleotidyl transfer (polymerase) reaction. Thus, in
the absence of Mg(II), Cr(III) alone cannot act as a metal
cofactor for polâ. Since Cr(III) could not be found in the
metal binding site of the active site of polâ, the active site
may be selective for divalent cations only. In agreement
with these observations, the present studies suggest that
Cr(III) alone, in the absence of Mg(II), cannot activate pol
â (data not shown). However, the crystal studies showed
that Cr(III) caused a spatial dislocation in the side chain
position of aspartate 192, one of the three catalytic aspartate
residues in the active site (16). This perturbation may
enhance the rate of phosphodiester bond formation but
decrease nucleotide selectivity, and thus be related to the
observed Cr(III)-mediated stimulation of the activity and
decrease in the fidelity of polâ. One of the metal-binding
sites in the active site of polâ is required forâ,γ-coordination
with the phosphate groups of the incoming dNTP. The Cr-
(III) in the Cr(III)-DNA pol â-dATP complex was found
to coordinate differently than Mg(II) with the triphosphate
moiety of dATP (16). These differences in the positioning
of the triphosphate moiety of the substrate nucleotide may

also contribute to the observed increase in the catalytic rate
of pol â in the presence of Cr(III). The structural studies of
Pelletier et al. (32, 33) suggest that Cr(III) may affect the
activity and fidelity without actually substituting for Mg(II)
in the metal binding sites in the active site of polâ.

Published results from this laboratory (7, 8, 10, 11), as
well as the present study, suggest that a Cr(III)-mediated
decrease in the fidelity of DNA synthesis may contribute to
the mutagenesis of chromium. Cr(III) has been previously
shown to increase the processivity of DNA polymerase I
Klenow fragment, resulting in increased mutagenic bypass
of oxidative DNA lesions (8). The effects of Cr(III) on the
binding and fidelity of polâ are also modest but discernible.
Thus, while Cr(III) may not greatly alter normal genomic
replication in vivo, it may increase the mutagenic potential
of endogenously induced DNA lesions (e.g., due to oxidative
and alkylation damage) and contribute to mutagenesis.
Similar studies of the effects of low, physiologically relevant
concentrations of Cr(III) on the fidelity of replicative DNA
polymerases (in the multiprotein replication machinery, the
synthesome) may indicate to what extent the Cr(III)-mediated
decrease in replication fidelity contributes to chromium
mutagenesis.
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