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Electrochemical biosensor featuring a two-enzyme pathway and DNA
for screening toxic reactive metabolites of arylaminest
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We demonstrate for the first time a biosensor featuring a
sequential two-enzyme pathway suitable to screen potentially
toxic reactive metabolites generated during metabolism.

Conventional biosensors, e.g. those for blood glucose, typi-
cally utilize a single enzyme. Layer-by-layer (LbL) electrostatic
adsorption is amenable to incorporation of multiple biomole-
cules into thin films of nanometre thickness, and has been used
to make multi-enzyme bioreactors.' Recently, sulfite oxidase
was layered on top of an electron transfer protein to make an
electrochemical sensor for sulfite.> We used LbL methods to
make films of DNA and metabolic enzymes as biosensors to
detect reactive metabolites from environmental pollutants and
drugs.® Enzymes convert the chemical to metabolites that may
react in the films to form DNA adducts.* The resulting DNA
damage is detected by catalytic voltammetry using Ru(bpy);> "
(bpy = 2,2'-bipyridine) or a ruthenium metallopolymer. We
recently fabricated these sensors in array formats.’

Enzymes metabolize xenobiotic molecules by oxidation and
bioconjugation. Most oxidations are catalyzed by cytochrome
P450 (cyt P450 or CYP) enzymes. Bioactivation to reactive
metabolites by cyt P450s is a major source of toxicity.®
However, bioconjugation enzymes account for ~25% of
marketed drug metabolism and can mediate the bioactivation
of chemicals in sequential reactions with cyt P450s. In this
communication, we report the first combination of a cyt P450
and a bioconjugation enzyme in LbL films with DNA to create
a two-enzyme metabolic pathway that generates DNA-
reactive products. The films were configured in a biosensor,
and results herein demonstrate their applicability for toxicity
screening.

For proof of concept, we chose a sequential metabolic
pathway characteristic of arylamines involving oxidation cat-
alyzed by cytochrome P450 1A2 (CYP1A2) followed by
acylation by conjugation enzyme acetyl coenzyme A (AcCoA)
dependent N-acetyltransferase (NAT).” We made films of
DNA, CYP1A2 and NAT on pyrolytic graphite (PG) disks
to make the two-enzyme sensors (see ESIT). Quartz crystal
microbalance weighings of the layers during film formation
were used to obtain the amounts of enzymes and DNA in the
films (Fig. S1, Table S1, ESI¥).
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Scheme 1 Metabolism of PhIP in the two-enzyme sequence.

PhIP  (2-amino-1-methyl-6-phenylimidazo[4,5-b]pyridine)
was chosen as the test substrate because it is a potent hetero-
cyclic amine mutagen bioactivated by NAT in series with
CYP1A2.® PhIP metabolites form covalent nucleobase ad-
ducts (Scheme 1).” Metabolic bioactivation of PhIP occurs
primarily in the liver by CYP1A2-mediated N-oxidation of the
exocyclic amine to form N-hydroxy-PhIP (N-OH-PhIP).'
Acylation of N-OH-PhIP by NAT generates N-acetoxy-PhIP.
Both derivatives decompose to a DNA-reactive nitrenium
cation that forms PhIP-DNA adducts, most commonly at
the C8 position of guanines.'"'?

First, we monitored DNA damage arising from N-hydroxy-
lation of PhIP by CYP1A2 alone. CYP1A2/DNA sensors were
exposed to solutions of PhIP and H,O, in pH 7.5 buffer.
Fig. 1(a) shows square wave voltammetric (SWV) curves ob-
tained by using soluble Ru(bpy);*" as the catalyst. The
mechanism for detecting DNA damage in the films is similar
to that elucidated by Thorp for DNA in solution.'* The
electrode oxidizes the catalyst to Ru(bpy);®> " which oxidizes
intact guanines on the DNA. The role of guanine reactions in
signal development was demonstrated in previous studies with
films of polynucleotides having only one base type, and only
polyG reacted with the catalyst.'* The faster the reaction of
Ru(bpy);’ " with DNA, the larger the sensor response. Da-
maged DNA gives larger SWV peaks than intact ds-DNA
because when adducts form on the bases ds-DNA is partly
disrupted and guanines are more closely approached by
catalyst, increasing the reaction rate and the catalytic peak.*
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Fig. 1 (a) SWVs for sensors featuring PDDA/DNA/(CYP1A2/
DNA), films (denoted CYP1A2/DNA) in pH 5.5 buffer containing
50 pM Ru(bpy)s>" before (0 min) and after (3 min) incubations at
37 °C with 50 pM PhIP and 1 mM H,O, (for enzyme activation)'* at
pH 7.5. (SWV ampl. 25 mV; freq. 15 Hz; 4 mV step). (b) Influence of
incubation time with 50 uM PhIP and 1 mM H,0, on CYP1A2/DNA
sensor final/initial peak ratio (@) (error bars are sd); and on PDDA/
DNA/(Mb/DNA), control (denoted Mb/DNA) (O) (relative sd in
controls from 3-5 trials: +8%).

Thus, DNA damage is the reason for the increase in peak
current in Fig. 1(a) at 1.02 V vs. SCE after reaction of the
sensor with PhIP.

Initial slopes of single enzyme/DNA sensor response vs.
enzyme reaction time for a range of substrates correlated with
rates of nucleobase adduct formation measured by LC-MS
after DNA hydrolysis,* showing that sensor slopes monitor
relative DNA damage rates. Fig. 1(b) shows that the ratio of
final (after incubation) to initial sensor peaks increased with
PhIP reaction time, suggesting a significant rate of DNA
damage. Control films of myoglobin Mb/DNA gave no
signal increase under our conditions. This suggests that
DNA damage occurred from activation of PhIP by CYP1A2,
but not by Mb, which does not hydroxylate heterocyclic
amines. '’

The influence of NAT alone on DNA damage was investi-
gated by using sensors with PDDA/DNA/(NAT/DNA), (de-
noted NAT/DNA) films. These sensors were incubated with
PhIP-AcCoA medium in pH 7.5 buffer.'® SWV peak ratios for

NAT/DNA films gave negligible increases in peak current with
increasing enzyme reaction time (Fig. S3, ESIf). This result
suggests that PhIP does not undergo N-acetylation under
these conditions, consistent with the known low activity of
NAT for N-acetylation.®”

Films containing CYP1A2, NAT and DNA were used to
mimic the sequential bioactivation of PhIP (Scheme 1). Sen-
sors were fabricated with the catalytic polyvinylpyridine (PVP)
metallopolymer ([Ru(bpy)>(PVP);o]* " denoted RuPVP) in the
films to improve sensitivity of detection and provide reagent-
less detection.*>* Fig. 2(a) shows responses before and after
exposure of CYP1A2/NAT/DNA sensors to the PhIP-
H,0,-AcCoA reaction cocktail. The increase in peak current
at 1.15 V suggests metabolite generated DNA damage after
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Fig. 2 (a) SWVs of DNA/RuPVP/DNA/(CYP1A2/DNA),/(NAT/
DNA), 2-enzyme sensors in pH 5.5 buffer before (0 min) and after
(3 min) incubations at 37 °C in pH 7.5 buffer containing 50 pM PhIP,
I mM H,0,, 0.5 mM AcCoA, | mM DTT and 1 mM EDTA (SWV
ampl. 25 mV; freq. 15 Hz; step 4 mV). (b) Influence of enzyme
incubation time on final/initial peak ratio for DNA/RuPVP/DNA/
(CYP1A2/DNA),/(NAT/DNA), 2-enzyme sensors (@), control 1 (O)
DNA/RuPVP/DNA/(CYP1A2/DNA), sensor with 50 uM PhIP and
1 mM H,0,, and control 2 (A) DNA/RuPVP /DNA/(NAT/DNA),
sensor with 50 uM PhIP, 0.5 mM AcCoA, | mM DTT, | mM EDTA
(relative sd in controls from 3-5 trials was £8%).
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the enzyme reactions. Fig. 2(b) shows that peak ratios for
CYP1A2/NAT/DNA sensors increased much faster with in-
cubation time compared to CYP1A2/DNA films that only
catalyze N-hydroxylation. Initial slopes of the damage
ratio plots were 0.60 min~' for CYP1A2/NAT/DNA and
0.20 min~' for CYPIA2/DNA, indicating a faster rate of
DNA damage for the 2-enzyme sensor. No significant increase
was found in the ratio plot for control NAT/DNA sensors,
consistent with results using soluble Ru(bpy)s>*.

Fig. 1 and 2 suggest that PhIP can be bioactivated directly
by CYP1A2 in films to produce a reactive intermediate that
damages DNA. Protonation of N-hydroxy-PhIP followed by
elimination of water has been suggested to form an electro-
philic nitrenium ion.”'" Can this be the only source of DNA
damage in both one- and two-enzyme sensors? To answer this,
we used results from QCM (Table S1, ESIf) to reveal relative
concentrations of enzyme in each film. The 60 nm thick
CYPIA2/NAT/DNA films provide 0.16 pmol cm > DNA
intermixed with 20 pmol cm ¢yt P450 1A2 ina 9 x 10° pm®
film reaction volume. CYP1A2/DNA sensors with 44 nm
thickness provide 0.15 pmol cm™> DNA and 28 pmol cm ™3
cyt P450 1A2 in a 7 x 10° pm® reaction volume. While
concentrations of DNA are similar in the two films, the
amount of CYP1A2 is larger in a smaller reaction volume in
the single-enzyme film, providing a larger CYP1A2 concentra-
tion than in the 2-enzyme films. Thus, it is unlikely that larger
peaks for CYPI1A2/NAT/DNA sensors are caused by
CYP1A2 oxidations alone. Further, control NAT/DNA sen-
sors gave no signal increases. Thus, the larger peak increase for
CYP1A2/NAT/DNA sensors compared to CYP1A2/DNA in
Fig. 2(b) must result from the two-enzyme pathway in
Scheme 1, i.e. formation of N-OH-PhIP by CYP1A2 followed
by NAT mediated O-acetylation to form highly reactive N-
acetoxyl esters. This facilitates more rapid formation of the
nitrenium ion (Scheme 1) in the films that presumably reacts
with guanines on DNA to provide the sensor signals.

In summary, results above show that two metabolic en-
zymes, CYP1A2 and NAT, can be incorporated into a film
with DNA by LbL techniques to mimic a sequential metabolic
reaction. The reactive product of the metabolic pathway in
these sensors is detected via DNA damage, appropriate for in
vitro toxicity screening for reactive metabolites. This work
suggests that multi-enzyme films catalyzing sequential reac-
tions are suitable for incorporation into toxicity screening
arrays® together with a range of other metabolic enzymes.

The authors gratefully acknowledge financial support from
the National Institute of Environmental Health Sciences
(NIEHS), NIH (US PHS grant No. ES03154) and thank Dr
Eli Hvastkovs and Dr Ingela Jansson for experimental assis-
tance in expression and purification of CYP 1A2.

Notes and references

1 (a) K. Ariga and T. Kunitake, in Protein Architecure: Interfacing
Molecular Assemblies and Immobilization Biotechnology, ed. Y.
Lvov and H. Mohwald, Marcel Dekker, NY, 2000, pp. 169-192;
(b) K. Ariga, J. P. Hill and Q. Ji, Phys. Chem. Chem. Phys., 2007, 9,
2319-2340.

2 R. Dronov, D. G. Kurth, H. Méhwald, R. Spricigo, S. Leimkuhler,
U. Wollenberger, K. V. Rajagopalan, F. W. Scheller and F. Lisdat,
J. Am. Chem. Soc., 2008, 130, 1122-1123.

3 J. F. Rusling, E. G. Hvastkovs, D. O. Hull and J. B. Schenkman,
Chem. Commun., 2008, 141-154.

4 (a) J. F. Rusling, Biosens. Bioelectron., 2004, 20, 1022-1028;
(b) J. F. Rusling, E. G. Hvastkovs and J. B. Schenkman, Curr.
Opin. Drug Discovery Dev., 2007, 10, 67-73.

5 (a) E. G. Hvastkovs, M. So, S. Krishnan, B. Bajrami, M. Tarun, L.
Jansson, J. B. Schenkman and J. F. Rusling, 4nal. Chem., 2007, 79,
1897-1906; (b) S. Krishnan, E. G. Hvastkovs, B. Bajrami,
I. Jansson, J. B. Schenkman and J. F. Rusling, Chem. Commun.,
2007, 1713-1715; (¢) B. Wang, 1. Jansson, J. B. Schenkman and
J. F. Rusling, Anal. Chem., 2005, 77, 1361-1367.

6 (a) C. loannides and D. F. V. Lewis, Curr. Top. Med. Chem., 2004,
4, 1767-1788; (b) D. C. Liebler and F. P. Guengerich, Nat. Rev.
Drug Discovery, 2005, 4, 410-420; (¢) F. P. Guengerich, Chem. Res.
Toxicol., 2008, 21, 70-83.

7 R.J. Turesky, Drug Metab. Rev., 2002, 34, 625-650.

8 (a) D. W. Hein, A. J. Fretland and M. A. Doll, Int. J. Cancer, 2006,
119, 1208-1211; (b) D. W. Hein, M. A. Doll, T. D. Rustan, K.
Gray, Y. Feng, R. J. Ferguson and D. M. Grant, Carcinogenesis,
1993, 14, 1633-1638.

9 H. A. J. Schut and E. G. Snyderwine, Carcinogenesis, 1999, 20,
353-368.

10 C. Chen, X. Ma, M. A. Malfatti, K. W. Krausz, S. Kimura, J. S.
Felton, J. R. Idle and F. J. Gonzalez, Chem. Res. Toxicol., 2007,
20, 531-542.

11 N. Butcher, R. F. Minchin, F. F. Kadlubar and K. F. Ilett,
Carcinogenesis, 1996, 17, 889-892.

12 S. J. Crosbie, S. Murray, R. Alan, A. R. Boobis and N. J.
Gooderham, J. Chromatogr., B: Anal. Technol. Biomed. Life Sci.,
2000, 744, 55-64.

13 H. H. Thorp, Top. Curr. Chem., 2004, 237, 159-181.

14 L. Zhou, J. Yang, C. Estavillo, J. D. Stuart, J. B. Schenkman and
J. F. Rusling, J. Am. Chem. Soc., 2003, 125, 1431-1436.

15 D. T. Pfister, T. Ohki, T. Ueno, I. Hara, S. Adachi, Y. Makino, N.
Ueyama, Y. Lu and Y. Watanabe, J. Biol. Chem., 2005, 280,
12858-12866.

16 M. So, E. G. Hvastkovs, B. Bajrami, J. B. Schenkman and J. F.
Rusling, Anal. Chem., 2008, 80, 1192-1200.

4356 | Chem. Commun., 2008, 4354-4356

This journal is © The Royal Society of Chemistry 2008



