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Abstract
Arrays for screening metabolite-generated toxicity utilizing spots containing DNA, enzyme and
electroluminescent (ECL) polymer ([Ru(bpy)2PVP10]2+) were extended to include a fully
representative set of metabolic enzymes from human and rat liver microsomes, human and rat
liver cytosol, and mouse liver S9 fractions. Array use involves two steps: (1) enzyme activation of
the test chemical, and metabolite reaction with DNA, then (2) capture of ECL resulting from DNA
damage using a CCD camera. Plots of ECL increase vs. enzyme reaction time monitor relative
rates of DNA damage, and were converted into turnover rates for enzymic production of DNA-
reactive metabolites. ECL turnover rates were defined by R, the initial slope of ECL increase
versus enzyme reaction time normalized for amounts of enzyme and test chemical. R-values were
used to establish correlations for 11 toxic compounds with the standard toxicity metrics rodent
liver TD50 and LD50, Ames tests, and Comet assays for in vitro DNA damage. Results support the
value of the ECL genotoxicity arrays together with toxicity bioassays for early screening of new
chemicals and drug candidates.

INTRODUCTION
Reactive metabolites of foreign chemicals can react with DNA bases to form covalent
adducts that are good biomarkers for toxicity exposure.1–3 Consequently, detecting reactions
of metabolites with DNA is an effective approach for safety assessment of new chemicals
and drugs.4,5 DNA damage resulting from parent compounds or reactive metabolites is often
referred as genotoxicity. Species reacting with DNA may also react with proteins and other
biomolecules.6

In vitro bioassays are used extensively in the pharmaceutical industry to help predict human
toxicity.4,5,7 Toxicity bioassays are generally combined into a panel that provides a
reasonably good prediction of human toxicity.7 However, behavior of a given chemical in
specific individuals with unique biochemistry is difficult to predict from assay panel results.
Animal testing is widely used but can over- or underestimate risk to humans because of
species differences.8 Due to these difficulties, ~30% of new drug candidates fail due to
toxicity issues that are not discovered until clinical testing. 9,10
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Simple, fast, reliable, inexpensive molecular-based in vitro methods for initial screening of
compounds to complement cell-based bioassays are largely non-existent. Realizing this fact,
we recently developed inexpensive electro-optical arrays based on visible
electrochemiluminescence (ECL) light emission to detect chemical reactions between
metabolites and DNA. These arrays measure relative DNA damage rates from reactive
metabolites generated by enzymes in ultrathin films.11–13 The arrays feature multiple spots
constructed layer-by-layer (LbL) from metabolic enzymes, DNA and the ECL-emitting
ruthenium(II)polyvinylpyridine polymer [Ru(bpy)2PVP10]2+ (RuPVP) on a 1×1 in. chip of
conductive pyrolytic graphite (PG). The chip is a solid electrode with up to 50 spots
differentiated by position and allows measurement of ECL with a CCD camera from an
open-top electrochemical cell (Supporting information, Scheme S1). In the measurement
step, RuIIPVP is electrochemically oxidized to RuIIIPVP, it reacts with DNA in a complex
pathway to produce excited state *RuIIPVP sites that decay to give ECL at 610 nm.14

Toxicity screening is achieved by first using the ECL arrays to enzymatically convert test
chemicals into metabolites. Reactive metabolites are trapped in the spots by ds-DNA as
covalent nucleobase adducts (Scheme S1A). The second step is detection of DNA damage
by applying voltage to the array and capturing the ECL image (Scheme S1B). Integrated
ECL intensity increases when DNA is damaged because of the partially disrupted DNA
structure, facilitating faster oxidation of guanines by RuIIIPVP sites by shortening the
average distance between them.14 The ds-DNA here is not protected by histones or other
cell components, so the arrays predict only the possibility of DNA damage from reactive
metabolites produced by the enzyme reactions.

Slopes of ECL increase vs. enzyme reaction time in these arrays were proven to correspond
to relative DNA damage rates by correlations with formation rates of major nucleobase
adducts measured by LC-MS using DNA/enzyme films on nanoparticles.11–13,15 Slopes of
ECL increase vs. reaction time also correlated with rodent liver TD50, the chronic dose for
inducing liver tumors, for a limited set of compounds.13 We also used these arrays to
confirm species differences in ds-DNA damage rates by tamoxifen using enzymes from rat
vs. human liver.16

A universal ECL array genotoxicity platform would be a valuable addition to in vitro
toxicity bioassays for early screening of commercial chemical candidates. To move toward
this goal, we report here a representative array platform featuring a broad range of
microsomal and cytosolic enzymes17 that facilitates detection of DNA-reactive species from
nearly all common metabolic pathways. The array utilizes metabolic enzymes from rat and
human liver microsomes, rat and human liver cytosol and includes mouse liver S9 fractions
for the first time to represent human and rodent metabolism. We evaluate this new array by
comparing 11 chemicals under identical conditions at optimal concentrations for signal
development. Correlations of ECL array data to genotoxicity bioassay data and rodent
toxicity metrics were evaluated for this group of compounds.

EXPERIMENTAL
Chemicals and Materials

Full experimental details and sources of chemicals are reported in the Supporting
Information (SI) file.

Array Fabrication
ECL arrays were made as previously described.12,13 Calf thymus ds-DNA, RuPVP and
enzyme were deposited by pipetting 0.5 μL drops of solution on PG blocks. Final spot
compositions represented as the order of layer deposition are DNA/(RuPVP/DNA)2/RuPVP/
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DNA/human liver cytosol/RuPVP/DNA/human liver microsomes, DNA/(RuPVP/DNA)2/
RuPVP/DNA/rat liver cytosol/RuPVP/DNA/rat liver microsomes and DNA/(RuPVP/
DNA)2/(RuPVP/DNA/Mouse S9)2. For brevity, spots are generally denoted as DNA/
RuPVP/enzyme, DNA/RuPVP/HLE, DNA/RuPVP/RLE, DNA/RuPVP/MLE, where HLE
denotes human liver enzymes from liver microsomes/cytosol, RLE represents the
corresponding rat liver enzymes, and MLE is mouse S9 liver fraction.

Reaction with DNA Damaging Agents
Safety Note: all test compounds are suspected human carcinogens. Procedures should be
done wearing gloves in a closed hood. Incubations were done on arrays by spotting 50 μL
incubating solutions containing test chemical and enzyme cofactors onto four DNA/RuPVP/
enzyme spots at 37 °C for up to 60 s. The array was rinsed rapidly with water to stop the
reaction.

ECL Measurement
After enzyme reactions, the array was placed in an open top electrochemical cell filled with
pH 5.5 10 mM buffer + 0.15 M NaCl.12 A potential of 1.25 V vs Ag/AgCl was applied to
the array for 30s to develop ECL which is acquired over this time by the CCD camera.

RESULTS
Film Characterization

Film compositions used in the array were characterized by making the films on 9 MHz
quartz crystal microbalance (QCM) gold-quartz resonators. Frequency shifts after each layer
was deposited and dried were used to calculate the weight of each component and nominal
film thickness (Table S1).18 QCM frequency decreased linearly with increasing layer
number, indicative of stable, reproducible film growth (Supporting Information, Figure S1).
Films had about 40 nm thicknesses, suggesting that reactions will not be limited mass
transport processes.19

Single-enzyme Bioactivation
Test chemicals were N-acetyl-2-aminofluorene (2-AAF), N-nitrosopyrrolidine (NPYR), 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK), benzo[a]pyrene (BaP) and styrene.
These compounds have well understood DNA-metabolite adduct formation via cytochrome
P450 (cyt P450)-catalyzed oxidations. Figure 1 portrays reconstructed ECL images of a
representative set of array spots containing (A) human liver microsomes/cytosol (HLE) and
(B) rat liver microsomes/cytosol (RLE), exposed to low, medium and high concentrations of
substrates using an NADPH regenerating system to activate cyt P450s. Increased ECL
intensity was observed after the DNA/RuPVP/enzyme film spots were exposed to different
substrates suggesting DNA damage. As mentioned earlier, the rate of ECL increase versus
enzyme reaction time in the ECL arrays reflects the relative rate of DNA damage.12–13,17

Control spots exposed to only an NADPH generating system showed negligible ECL
increases (Figure 1). Control spots with enzymes incubated with substrates, but no NADPH,
did not generate ECL increases (not shown).

Relative ECL intensities normalized for enzyme mass in the spot are presented as % ECL
increase vs. enzyme reaction time (Figure 2). Error bars reflect ECL reproducibility within
±8% for 12 replicates on 3 or more arrays at each reaction time. ECL increases ranged from
70% to 300% for array spots for different substrates using HLE and RLE (red and black).
Control spots exposed to only substrates produced negligible ECL changes (green and blue),
suggesting no detectable DNA damage. Different ECL responses were found for reactions
catalyzed by RLE and HLE for styrene, NNK, NPYR and 2-AAF. There was no statistically

Pan et al. Page 3

Anal Chem. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



significant difference for BaP when using RLE or HLE (student t-test, 95% confidence).
These data were obtained after identifying the range of substrate concentrations giving
readily measurable ECL increases for one min. enzyme reactions. Slopes of normalized ECL
increases for different concentrations were within ±10% when divided by substrate
concentration. At 0.2 mM, NNK and NPYR produced about 2–3 times more ECL than
styrene using either RLE or HLE (Figure 2), suggesting more DNA damage. A lower
concentration (0.025 to 0.05 mM) was sufficient for 2-AAF and BaP to generate comparable
ECL increases. 2-AAF gave a non-linear ECL increase using HLE and a linear increase
using RLE. BaP gave a similar linear ECL increase using both RLE and HLE (Figure 2). As
discussed later, these observations led us to use the initial slopes of ECL vs. reaction time
estimated at zero reaction time and normalized for enzyme and substrate mass to compare
array results with other toxicity indices.

Multi-enzyme Bioactivations
These experiments were done on 1-naphthylamine (1-NA), 2-naphthylamine (2-NA), 2,4-
diaminotoluene (2,4-DAT), 2,6-diaminotoluene (2,6-DAT), 4-aminobiphenyl (4-ABP), and
2-aminoflurene (2-AF). These arylamines are environmental contaminants derived from
tobacco, industrial and agricultural uses.20–22 Arylamines form reactive N-hydroxylated
derivatives by cyt P450 oxidation.23 Further conjugation of N-hydroxy arylamines by acetyl-
or sulfo-transferases produces conjugates subject to acid hydrolysis to DNA-reactive
nitrenium intermediates.24

The arylamines were tested with an ECL array equipped for multi-step enzyme
bioactivation. HLE and MLE incorporated into array spots served as sources of cyt P450s
and N-acetyltransferases (NATs). Reconstructed images (Figure S2) show ECL response
after enzyme reactions for HLE (A) and MLE (B) exposed to arylamines. AcCoA was
included to activate NATs. Figure 3 shows array data expressed as enzyme-normalized ECL
increase vs reaction time. In general, spots with HLE gave larger ECL increases than those
with MLE for the same substrate incubation conditions (t-test, 95% confidence). Slopes of
%ECL increase vs. reaction time ranked in decreasing order as follows, ABP > 2-AF ≥ 2, 4-
DAT ≥ 2-NA > 2, 6-DAT > 1-NA.

Correlation with other toxicity metrics
Data for Comet and Ames assays and in vivo rodent toxicity are summarized in Table S2
(SI). To explore correlations with array data, initial slopes of ECL vs. enzyme reaction time
(k) (Figures 2 and 3) were further normalized by reactant concentration [S] to define a fully
normalized toxicity screening parameter, ECL turnover rate R:

(1)

(Table S2). R-values were constant within ±10% at various values of [S] giving measurable
increases in ECL within 1 min enzyme reactions. Before discussing these correlations in
detail, we present a brief overview of the related toxicity assays and what they measure.

Ames Salmonella mutation tests are widely used to assess mutagenicity. The Ames test
utilizes strains of Salmonella typhimurium containing a number of mutations in genes
requiring histidine for growth.25 Gene mutagens can induce reverse mutation of the bacteria
yielding revertant colonies in the absence of histidine. The variable measured is the number
of revertant colonies, also called revertants, taken to correspond to the mutagenic potential
of the test chemical. Bacterial strains like TA1538 and TA1535 are specifically designed to
detect respective frameshift (insertion or deletion of a nucleotide) and missense (change in

Pan et al. Page 4

Anal Chem. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



one nucleotide) mutations.26 Liver homogenates from rat or human are used as enzyme
sources.26

The Comet assay detects DNA damage caused by single or double strand breaks, base
damage and crosslinks. Cell lines incubated with toxic chemicals generate broken DNA
fragments which stream further from the nucleus during electrophoresis than intact DNA,
creating a “tail”. The product of tail length and fractional amount of DNA in the tail is
defined as olive tail moment (OTM) and used as a measure of DNA damage.27,28 For
consistency of metabolic enzyme sources, Comet assay data from human hepatic cell lines
were chosen for comparison if available.

In vivo animal toxicity is represented by LD50 and TD50 from rodents. Liver TD50 is the
chronic dose (mg/kg body weight per day) inducing mixed liver tumors in half of a test male
rodent population at end of the standard life span.29 LD50 is the lethal single dose in mg/kg
body weight of a chemical that causes the death of 50% of the rodents and is a measure of
acute toxicity.30 The Berkeley Carcinogenic Potency31 and United States National Library
of Medicine32 databases were the sources of rodent TD50 and LD50 values. Due to
incomplete available data, values from rat species were employed for BaP, 2-AAF, NPYR,
NNK and styrene while mouse LD50 and liver TD50 (labeled with *) were used for
arylamines. Obviously, a chemical with small LD50 and liver TD50 values is a very potent
poison, but TD50 measures chronic liver tumorgenicity and LD50 measures general acute
toxicity.

Figure 4 shows correlations between normalized ECL turnover rates (R, eq 1) and Ames and
Comet assay data. Figure 5 presents correlations of R with TD50 and LD50. All R-values in
these figures indicate a significant rate of DNA damage related to substrate metabolism.
First, array results show slightly different ECL R-values for human liver enzymes and rodent
liver enzymes for the same substrate. These variations are may be related to species
genotoxicity differences.16

Correlations of R with Ames data for BaP, 2-AAF, arylamine 2-NA, 2,4-DAT and 4-ABP
using TA 1538 strains (Figure 4A) were quite good. However, known tobacco carcinogens
NNK and NPYR generated moderate R-values, but are not mutagenic using Ames TA1538
strains and only slightly mutagenic using TA1535 (Table S2). Similarly, 2-AF gives a
moderate R-value, does not induce mutations using TA1535, but is highly mutagenic using
TA 1538.

Correlation of R with Comet assay data was good for most substrates (Figure 4B).
Compounds with small OTM/conc. have low R including styrene, NNK and NPYR and
those with large OTM/conc. have large R-values like 2-AAF and BaP.

Low LD50 or TD50 are indicative of high toxicity, so inverse LD50 or TD50 values (1/LD50
or 1/TD50) were used in correlation graphs. TD50 and LD50 from mouse were used for
arylamines to compare with activation by MLE in ECL arrays, and are labeled with an
asterisk (*) in Figure 5. Approximate correlations between R and 1/TD50 (Figure 5A) and
between R and 1/LD50 (Figure 5B) were found, since in most cases compounds with
relatively large 1/TD50 or 1/LD50 values produced high R including 2-AAF and BaP
whereas styrene, NPYR, 2,4-DAT with small LD50 generated low ECL. Exceptions include
2-AF, 1-NA and 2-NA that did not generate large R in arrays.

DISCUSSION
Results above demonstrate the value of ECL arrays featuring an expanded representative
collection of metabolic oxidation and bioconjugation enzymes for toxicity screening. As
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with previous versions of ECL arrays,12,13 relative DNA adduct formation rates are
provided for potentially toxic metabolites as predictors of genotoxicity, as demonstrated
here for a collection of chemicals. In vitro toxicity screening can be done without cell
cultures, and results reflect the relative DNA damage rates by metabolites formed. The
arrays are inexpensive, utilizing only an unprocessed carbon block, conventional
electrochemical equipment, a CCD camera, and a dark box. Enzyme reaction steps can be
completed in 1 min., and ECL signal development takes ~30 s, so that the toxicity screening
of several compounds at different concentrations can be done rapidly compared to bioassays
such as the Ames test and the Comet assay (usually 24 hours or longer). Bioconjugation
reactions can be turned on and off at will by including or omitting the relevant enzyme
cofactors, providing a further diagnostic tool to assess the enzyme source of reactive
metabolites. While QCM studies are required to establish amounts of protein deposited in
the spots, these experiments need not be repeated for subsequent use of a given array
featuring the same spots.

In this paper, we defined the slope of ECL increase vs. enzyme reaction time normalized for
amounts of enzymes and substrate concentration as a parameter R (eq 1) to facilitate
comparisons of toxicity array data to that from conventional toxicity bioassays. Qualitatively
reasonable correlations were obtained in most cases (Figures 4 and 5). Cleary, compounds
such as styrene which have significant but relatively low toxicity by conventional bioassays
give small R-values, and chemicals with relative high levels of toxicity in bioassays (e.g. 2-
AAF and BaP) give large R-values. In addition, toluene has very high TD50 and LD50
(539031 and 225032) and DNA adduct formation is not detected under our array conditions,
providing a good negative control.

The variations in R-values when using human and rodent liver enzymes (Figures 4 and 5)
can be explained by species differences in amounts, identities and activities of metabolic
enzymes.33,34 Measured differences could serve as important tools to predict when toxic
manifestations differ between humans and rodents. We have already demonstrated
elucidation of such species differences with tamoxifen using an earlier version of ECL
arrays.16

For compounds like styrene, NNK, NPYR, BaP and 2-AAF, which involve DNA adduct
formation from one-step cyt P450 bioactivation,35–37 results reflect different rates of DNA
damage after enzyme activation. Regardless of rodent or human enzyme source, 2-AAF and
BaP induced a large ECL increase at relatively low concentrations (25 or 50 μM) suggested
that their metabolites are very reactive towards DNA. Styrene is much less DNA-reactive
upon activation since a notable ECL increase can only be observed at a relatively high
concentration (1 mM). This concentration effect is suitably accounted for by normalization
in the R parameter.

Intermediate concentrations of NPYR and NNK (0.2 mM) were needed to produce
measurable ECL increases, which are likely to be related to two factors. First, a-
hydroxylation of NNK and NPYR by cyt P450 generates active diazonium ions which can
hydrolyze in water, as a result a higher substrate concentration is necessary to produce a
detectable amount of reactive metabolite-DNA adduct(s) in aqueous media.36, 38 Second,
the bulky N7-guanine adduct(s) from BaP activation39 may possibly contribute to a larger
disruption of the DNA structure compared with the smaller N7-guanine adducts from NPYR
and NNK.36 Whether the last factor can contribute significantly to the ECL signal is
uncertain at this time.

The ability of the ECL array to differentiate relative DNA reactivity for metabolites of
similarly structured compounds was demonstrated for arylamines. Scheme 1 summarizes the
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major pathway of arylamine metabolism, which involves bioactivation by cyt P450s to form
N-hydroxy derivatives.24 The second step is a conjugation whereby N-acetyltransferase
(NAT) converts N-hydroxy intermediates into active esters using AcCoA.40 Upon loss of -
OAc, highly electrophilic arylnitrenium ions are formed that attack guanine bases. Also, N-
hydroxy arylamines can yield arylnitrenium ions without the conjugation reaction. However,
this process prefers a more acidic medium and may be slow under neutral conditions.24

For arylamines, results with either HLE or MLE (Table S2) showed R1-NA < R2,6-DAT <
R2-NA < R2,4-DAT < R2-AF < R4-ABP (k1-NA < k2,6-DAT < k2-NA < k2,4-DAT < k2-AF < k4-ABP).
As the N-oxidation catalyzed by cyt P450s is an obligatory step for subsequent formation of
[aryl-NH+], the initial slopes k in Figure 3 are associated with likelihood of oxidation at the
arylamine nitrogens. Specifically, 1-NA undergoes preferred hydroxylation at the 2 position
yielding 2-OH-1-NA whereas the major metabolite of 2-NA catalyzed by cyt P450s is N-
OH-2-NA. Thus, a subsequent conjugation reaction for 1-NA (which is not N-hydroxylated)
does not occur, limiting the formation of active intermediate. Specifically, the rate of N-
oxidation of 2-NA was found to be >10-fold faster than that of 1-NA in a microsomal
system, leading to ultimate reactive nitrenium formation,41 which partly explains the fast
ECL turnover observed in Fig. 3. 2-AF forms mainly N-hydroxy-2-AF but its N-site is more
electron-deficient than that in 2-NA and thus 2-AF metabolite is more likely to be attacked
by the active enzyme radicals giving k2-AF ≈ 2k2-NA (Table S2). Array results were
consistent with an earlier study in which the N-oxidation rate of 2-AF was about 3 times that
of 2-NA using human liver cyt P450 1A2.41

Another isomer pair, 2,6-DAT and 2,4-DAT, both showed genotoxicity in the array,
although 2,4-DAT had a 3-fold larger R than 2,6-DAT, correlated with a previous study on
binding to DNA of these isomers using rat hepatocytes.42 4-ABP induced the largest R,
indicative of the most toxic compound. Again, similar results were obtained in studies on
binding affinity of four arylamines to bladder epithelium DNA in which 4-ABP metabolites
has the strongest reactivity to DNA followed by 2-AF, 2-NA and 1-NA.43

R-values correlated reasonably with in vitro and in vivo toxicity data (Figure 4 and 5)
demonstrating the utility of ECL arrays to differentiate potential toxicity of compounds with
or without similar structures and metabolic pathways. It should be realized, however, that
the bioassays compared to the ECL arrays are measuring different things, albeit all are
generally related to toxicity. Ames and Comet assays measure bacterial reverse mutation or
DNA damage in cells. TD50 measures chronic rodent toxicity relative to carcinogenesis and
LD50 is a crude measure of acute toxicity. On the other hand, the ECL arrays measure the
rate of chemical reaction of metabolites with DNA in a cell-free biochemical system. The R-
values reflect rates of DNA damage under ideal, non-biological conditions. We believe that
the value of these methods, as well as additional ones, lies in their combined use in a panel
for human toxicity prediction.

The rough correlations between R and the other toxicity metrics (Figures 4 and 5) need to be
understood in the above context. For example, lower correlation of R and Ames data may
reflect limitations of the bacteria model, metabolic differences between enzymes in the two
tests, and relative and specific differences between Ames and ECL arrays. Comet assay data
presented better correlation with R, perhaps because both assays have DNA damage
endpoints. Rodent 1/LD50 were less related to R for arylamines yet fairly well correlated for
styrene, NPYR, 2-AAF and BaP. TD50 shows better correlation to ECL array data with
rodent enzymes, as expected from similarity of activation by enzymes in the ECL arrays and
the rodents themselves. Most importantly, as expected, mouse 1/TD50 correlated well with R
using mouse liver enzymes for arylamines (Figure 5A). The reason that 2,6-DAT shows
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small but significant R values in ECL array but fails to induce liver tumors in rat models
may be associated with faster detoxification in vivo.44–46

In summary, we have presented and validated here a metabolically representative ECL array
by testing 11 chemicals of varying toxicity, and exploring correlations with rodent TD50 and
LD50, Ames tests and Comet assays. Species differences between rodents and humans can
be assessed by using appropriate enzyme sources in the arrays. Results support the value of
ECL genotoxicity arrays in early screening of unknown chemicals or drugs to assess the
possibility of metabolite reactions with DNA. Coupled with existing toxicity bioassays, ECL
arrays can provide metabolite reactivity data to complement the prediction of human
toxicity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Reconstructed ECL array data for a series of enzyme reaction times using DNA/RuPVP/
enzyme spots. Enzyme sources were human microsomes/cytosol (Human liver enzymes,
HLE) for (A), and rat liver microsomes/cytosol (Rat liver enzymes, RLE) for (B).
Concentrations of substrates: 0.2 mM styrene, 0.2 mM NNK, 0.2 mM NPYR, 0.05 mM BaP
and 0.025 mM 2-AAF using an NADPH regeneration system for denoted time in seconds.
Controls were exposed to only NADPH.
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Figure 2.
Influence of enzyme reaction time on enzyme mass-normalized ECL for arrays with RLE
( ) and HLE (■) using the NADPH regenerating system for reaction with different
substrates. Enzyme mass (μg) was estimated as n × 0.04 (avg. spot area, cm2) × mean mass
per unit area from QCM (μg cm−2, Table S1), where n is number of enzyme layers. Controls
are incubations with substrates only for spots containing RLE ( ) or HLE ( ). Substrate
concentration: styrene, NNK and NPYR, 0.2 mM; 2-AAF, 0.025 mM; BaP, 0.05 mM.
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Figure 3.
Influence of enzyme reaction time on enzyme mass-normalized ECL for spots with MLE
( ), HLE (■) with 0.2 mM arylamine substrates together with AcCoA and an NADPH
regeneration system, control incubation (  for MLE,  for HLE) with only 0.2 mM
arylamines.
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Figure 4.
Correlation of normalized ECL turnover rate R (μg protein−1·min−1·mM−1) with (A) the
revertants per nmol from Ames tests, TA1538 strain and (B) OTM/[S] values from Comet
assays (Table 2). Asterisk (*) denotes OTM data from mouse; other values are for rats.
Neg.= negative results, n.d.=not determined.
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Figure 5.
Correlation of normalized ECL array turnover rate R (μg protein−1·min−1·mM−1) with (A)
1/TD50 and (B) 1/LD50 (see Supporting Information, Table S2). Asterisk (*) denotes data
from mouse, other values for rats. n.d. = not determined.
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Scheme 1.
Major metabolic pathway of arylamines leading to DNA adducts.
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