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Experimental Details

Chemicals and Materials. Cytochrome P450 1A2 (CYP1A2, MW 52,000) was expressed
from DHS5a. Escherichia coli containing the proper cDNA and isolated and purified as described
previously." Myoglobin (Sigma, MW 17,400, horse heart) was dissolved in 10 mM pH 4.5
sodium acetate buffer and filtered through an Amicon YM30 membrane (MW 30,000 cutoff).
Arylamine acetyltransferase from pigeon liver (NAT, EC 2.3.1.5, 10 % protein, 0.9 U/mg protein,
pH 8.0, 25 C, one unit acetylates 1.0 nmol p-nitroaniline/min, Mw 33,0007), acetyl coenzyme A
sodium salt (AcCoA), DL-dithiothreitol (DTT), ethylenediaminetetraacetic acid disodium salt
dehydrate (EDTA), Calf thymus DNA (Type XV, 13000 avg. base pairs, 41.9 % G/C), tris(2,2’-
bipyridyl)dichlororuthenium(Il) hexahydrate and poly(diallydimethylammonium chloride)
(PDDA) were from Sigma-Aldrich. 2-amino-1-methyl-6-phenylimidazo [4,5-b] pyridine (PhIP)
was purchased from Toronto Research Chemicals (Toronto, ON). The ECL metallopolymer,
[Ru(bpy)2(PVP)0](ClO04) (denoted as RuPVP) (bpy = 2,2-bipyridyl; PVP = poly(4-
vinylpyridine)), was prepared and characterized by previously published methods.> Water was

purified with a Hydro Nanopure system to specific resistance >16 MQ. All other chemicals were

reagent grade.

Voltammetry. Square Wave Voltammetry (SWV) was done using CH Instruments 660A
and 430 electrochemical analyzers. The 3-electrode electrochemical cell was protected from light
and employed a saturated calomel reference electrode (SCE), Pt wire counter, and a film-coated
pyrolytic graphite (PG) disk as the sensor electrode. SWV conditions were 4 mV step height, 25
mV pulse height, and 5 Hz frequency with 95 % ohmic drop compensated.

Sensor Construction. DNA-enzyme films were prepared by the layer-by-layer
electrostatic assembly method* following an optimized protocol. Disks (A= 0.15 cm?) of
ordinary basal plane PG (Advanced Ceramics) were abraded with 400 grit SiC paper and
sonicated in ethanol and pure water successively for 1 min, then rinsed with water and dried.
Layers were formed by placing a pL-sized drop of each adsorbate solution on the PG electrode
for 15-20 min. Cyt P450 1A2 and NAT enzymes were adsorbed at 0 °C to maintain enzyme
stability, and the electrode was then rinsed with water to remove weakly adsorbed enzyme and
dried in a stream of nitrogen between adsorption steps. The times for steady state adsorption,’
volume and concentration of each adsorbate solution were: (1) 15 min, 30 uL of 2 mg mL
PDDA in 50 mM NaCl; (2) 15 min, 30 uL of 2 mg mL™ DNA in 5 mM pH 7.1 Tris buffer and
0.50 M NaCl; (3) 20 min, 20 uL of 5 mg mL"' NAT in 50 mM pH 7.2 Tris buffer; and (4) 20
min, 20 uL of 0.6 mg mL’ (11 uM) Cyt P450 1A2 in 50 mM pH 7.4 phosphate buffer; (5) 10-15
min, 30 uL drop of 2.5 mg mL" RuPVP in 50 % ethanol/water. Final film architecture was
denoted as the order of layer adsorption, 1e. (PDDA/DNA),,
PDDA/DNA/(CYP1A2/DNA);, PDDA/DNA/(NAT/DNA),, and

S1



Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2008

DNA/RuPVP/DNA/(CYP1A2/DNA),/(NAT/DNA),. We refer to these as DNA, CYP1A2/DNA,
NAT/DNA and CYP1A2/NAT/DNA films, respectively. Quartz crystal microbalance (QCM,
USI Japan) was used to monitor film assembly at each step using gold coated QCM resonators (9
MHz, AT-cut, International Crystal Mfg. Co.). The gold-coated resonator were cleaned and
derivatized with 0.7 mM 3-mercapto-1-propanol and 0.3 mM 3-mercaptopropionic acid to mimic
the negatively charged graphite surface. Films were assembled on resonators as described above
and dried in a stream of nitrogen before QCM measurements. The mass per unit area and
nominal thickness of dry films were estimated from QCM frequency as previously described. *°

Enzyme reactions in films. Safety Note: 2-amino-I1-methyl-6-phenylimidazo [4,5-b]
pyridine is suspected human carcinogens. Procedures should be done in a closed hood while
wearing gloves, using sealed cells. Stock solutions of PhIP were prepared in acetonitrile/DMSO
(50:50). Stock solutions of 20 mM DTT, EDTA and AcCoA were prepared in water and kept at
-20 °C. Incubation of films were done in a thermostatted vessel at 37 °C for the range of 0.5 - 5
min. Incubation of cyt P450 1A2/DNA films was done in 50 uM PhIP and 1 mM hydrogen
peroxide in 5 mL of pH 5.8 or 7.5 buffer. Incubation of NAT/DNA films was done in 0.4 mL of
pH 7.5 phosphate buffer containing 50 uM PhIP, 1 mM DTT, 1 mM EDTA and 0.5 mM AcCoA
in 1.5 mL microcentrifuge tube. After the reaction, the electrode was rinsed with water and
transferred to an electrochemical cell containing Ru(bpy)s>” for SWV analysis. Incubation of
RuPVP/CYP1A2/NAT films was done in 0.4 mL of pH 7.5 phosphate buffer containing 50 uM
PhIP, 1 mM hydrogen peroxide, 1 mM DTT, 1 mM EDTA and 0.5 mM AcCoA in 1.5 mL
microcentrifuge tube and then transferred to the cell containing 10 Mm pH 5.5 buffer containing
50 mM NacCl for SWV measurements.

Preliminary results on film sequence was that CYP 1A2/NAT films gave better
performance than NAT/CYP 1A2 films. In CYP 1A2/NAT films, PhIP would diffuse into the
inner film layers containing cyt P450 1A2, form N-OH-PhIP, then be conjugated with AcCoA to
form N-acetoxy-PhIP as they diffuse out past outer NAT layers. Accessibility of the coenzyme
AcCoA (relatively high mol wt) in outer NAT layer is apparently better than for inner NAT
layers.

Additional Results

Sensor Film Characterization. Desired film composition and reproducible construction was
investigated using a quartz crystal microbalance (QCM) to measure film weight after each layer
adsorption step. Figure 1 (a) shows the average change in QCM frequency (-AF), proportional to
mass/area (ug cm™),' upon sequential adsorption of individual RuPVP, DNA, CYPIA2, and
NAT layers onto a gold-quartz QCM resonator to make
DNA/RuPVP/DNA/(CYP1A2/DNA),/(NAT/DNA), (denoted CYP1A2/NAT/DNA) films
similar to those used in the sensors. The QCM values of -AF increased linearly with layer
number, indicating regular and reproducible film growth. Table S1 summarizes the surface
coverage of each component and nominal film thickness obtained from QCM. Cyclic
voltammograms in Figure S1 (b) demonstrated that the CYP1A2 enzyme in the film are
electrochemically active on a pyrolytic graphite (PG) electrode and gives reversible Fe''/Fe"
peaks characteristic of the intact enzyme.
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Figure S1. Sensor Film Characterization: (a) Quartz Crystal Microbalance frequency shifts for cycles of
alternate adsorption on gold quartz resonators during preparation of DNA/RuPVP/DNA/(CYP
1A2/DNA)/(NAT/DNA), films. (b) Cyclic voltammogram of PDDA/DNA/(CYP1A2/DNA)2 films on
PG electrode at 0.5 V/s in 0.1 M KCl pH 7.5 phosphate buffer.

Table S1. Average Characteristics of sensor films from QCM Results.

Film Thickness® Total mass °  (ug cm™)
(nm) RuPVP CYP1A2 NAT DNA
CYP1A2/NAT/DNA 6016 2.610.3 6.510.5 2.210.3 8.3+0.5
CYP1A2/DNA® 4416 2.610.3 6.510.5 - 5.5%£0.5

* from d = (-0.016 £ 0.002) AF (nm), ° from M/A (gem™) = -AF (Hz)/(1.83 x 10%), see ref. 4 for details.
‘ DNA/RuPVP/DNA/(CYP1A2/DNA),

Hydroperoxides activate cyt P450 enzymes to give the same metabolites as in vivo, where
activation occurs via NADPH and cyt P450 reductase.’ Thus, hydroxylations catalyzed by
CYP1A2 were initiated by the oxidation of the iron heme in the enzymes by hydroperoxides to
an oxyferryl intermediate.® Hydrogen peroxide is known to be an efficient initiator of CYP1A2 -
catalyzed metabolic activation of heterocyclic amines,” and can be used without the necessity for
an electron donor and cyt P450 reductase.'® The sensors also employed hydrogen peroxide
driven oxidations by cyt P450 enzymes. The activity of cyt P450 1A2 immobilized on PG
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electrode as the sensor film PDDA/DNA/(CYP1A2/DNA), was estimated using voltammetric
detection. The well-known hydrogen peroxide-driven oxidation of styrene by CYP1A2 was used
as the test reaction. We previously demonstrated hydrogen peroxide mediated oxidation of
styrene to styrene oxide with films of CYP1A2.%® The product, styrene oxide, was trapped by
DNA in CYPIA2/DNA films and induced DNA damage, was detected by square wave
voltammetry (SWV) using catalytic oxidation with Ru(bpy);*".'" (Scheme S1) Figure S2
demonstrates typical SWV response before (0 min) and after reaction (3 min) of CYP1A2/DNA
films with styrene/ H,O,, A 20 % increase in SWV peak current after reaction for 3-5 min
reflects the formation of styrene oxide by CYP1A2 in the film, and the resulting DNA damage.
Additionally, our previous control experiments showed that hydrogen driven oxidation of styrene
and DNA damage does not occur in the absence of oxidoreductase enzymes like CYP1A2. >
Activity measurements of AcCoA-dependent NAT enzyme in LbL films were described
previously.'?

Scheme S1
Ru(bpy)s*” =Ru(bpy);’ + ¢ (at electrode) (1)
Ru(bpy);®” + DNA(guanine) > Ru(bpy);*" + DNA(guanineoy) + H' (2)

Figure S2. SWVs of PDDA/DNA/(CYP1A2
/DNA); films in pH 5.5 acetate buffer containing
50 uM Ru(bpy);>" before (0 min) and after (3
min) incubations at 37 °C with 2% styrene and
1 mM H,0; in pH 7.5 phosphate buffer. This
experiment confirms enzyme activity of
CYP1A2 for the well-known conversion of
styrene to styrene oxide, which then damages

DNA (see ref. 4).
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Bioactivation of PhIP by NAT

1.4 ' ' ' ' ' ' Figure S3. Influence of incubation time on
1.3 F i the catalytic peak currents for
PDDA/DNA/(NAT/DNA), reacted at 37 °C
121 1 in pH 7.5 containing 50 uM PhIP, 0.5 mM
11 k NATIDNA ] AcCoA, 1 mM DTT, 1 mM EDTA. Control
{ ] ¢ (o) : Incubation of (PDDA/DNA), film with
1% IL 1 50 uM PhIP. This experiment shows that NAT
- does not convert substrate to reactive

091 N < DNA l metabolites under these conditions.

08, ois 1 1j5 2 zjs 3 3.5

t, min

ESI References

1 C.W. Fisher, D. L. Caudle, C. Martin-Wixtrom, L.C. Quattrochi, R.H. Turkey, M.R. Waterman and R.W.
Estabrook FASEB Journal, 1992, 6, 759-764.

2 H.H. Andres, H.J. Kolb, and L.Weiss Biochim. Biophys. Acta. 1983, 746(3),182-192.

3 M. So, E.G. Hvastkovs, J.B. Schenkman and J.F. Rusling Biosens. Bioelectron. 2007, 23, 492-498.

4 (a) Y. Lvov, in Y. Lvov; H. Mohwald, Eds. Protein Architecure: Interfacing Molecular
Assemblies and Immobilization Biotechnology; Marcel Dekker: New York, 2000, pp. 125-167.
(b) Y. Lvov, in R. W. Nalwa, Ed. Handbook of Surfaces And Interfaces Of Materials, Vol. 3.
Nanostructured Materials, Micelles and Colloids; Academic Press: San Diego, 2001, pp. 170-189.

5Y. Lvov, K. Ariga, 1. Ichinose and T. Kunitake J. Am. Chem. Soc. 1995, 117(22), 6117-6123.

6 (a) Y.M. Lvov, Z. Lu, J.B. Schenkman, X.Zu and JI.F Rusling,. J. Am. Chem. Soc. 1998, 120, 4073-4080.
(b) C. Estavillo, Z. Lu, I. Jansson, J.B. Schenkman and J. F. Rusling Biophys. Chem., 2003, 104, 291-296.

7 F.P. Guengerich and T. Shimada Chem. Res. Toxical. 1991, 4, 391.

8 F.P. Guengerich Drug Metab. Rev. 2002, 34(3), 607-623.

9 M.R. Anari, P.D. Josephy, T. Henry and J.O’Brien Chem. Res. Toxicol. 1997, 10, 582-588.

10 H. Joo, Z. Lin and F.H. Arnold Nature 1999, 399(17), 670-673.

11 L. Zhou,J. Yang, C. Estavillo, J. D. Stuart, J. B. Schenkman, and J. F. Rusling J. Am. Chem. Soc. 2003, 125,
431-1436.

12 M. So, E.G. Hvastkovs, B. Bajrami, J.B. Schenkman and J.F. Rusling Anal. Chem. 2008, 80, 1192-2000.

S5




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 300
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for reliable viewing and printing of business documents.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /ENG ()
  >>
>> setdistillerparams
<<
  /HWResolution [200 200]
  /PageSize [595.276 841.890]
>> setpagedevice


