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Abstract

CYP2A13, a human cytochrome P450 enzyme expressed mainly in the respiratory tract, is believed
to play an important role in the initiation of smoking-induced lung cancer. CYP2A13.1 has a high
efficiency in the metabolic activation of a major tobacco-specific carcinogenic nitrosamine, 4-
(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). CYP2A13*2, avariantallele, was previously
found to be associated with decreased incidences of lung adenocarcinoma in smokers. The aim of
the present study was to determine whether the CYP2A13.2 protein has decreased enzyme activity
and/or expression levels in the lung, compared to CYP2A13.1. CYP2A13.2 has two sequence
variations from CYP2A13.1: Arg25GIn and Arg257Cys. We compared the activities of
heterologously expressed CYP2A13.1 and CYP2A13.2 toward several known CYP2A13.1
substrates: NNK, N-nitrosomethylphenylamine, N,N-dimethylaniline, 2"-methoxyacetophenone, and
hexamethylphosphoramide. Our results indicated that CYP2A13.2 was 20-40% less active than
CYP2A13.1, with the substrates tested. We also determined the levels of the CYP2A13*2 mRNA,
relative to the level of the CYP2A13*1 mRNA, in the lung tissue from *1/*2 heterozygotes. We
found that the CYP2A13*2 allele was associated with a level of allelic expression ~40% lower than
that of the CYP2A13*1 allele. Sequence analysis of the promoter region of the CYP2A13*2 allele
identified a 26-nucleotide deletion. Functional analysis of a 2-kilobasepair CYP2A13-luciferase
promoter construct indicated that the 26-nucleotide deletion causes decreases in CYP2A13 promoter
activity in the A549 human lung cell line. These findings suggest that the reported association of the
CYP2A13*2 allele with decreased incidences of lung adenocarcinoma in smokers can be at least
partly explained by a decrease in CYP2A13 function.

CYP2A13, a cytochrome P450 (P450) monooxygenase, is encoded by a functional member of
the human CYP2A gene subfamily (Fernandez-Salguero et al., 1995; Su et al., 2000). The
CYP2A13 gene is selectively expressed in the respiratory tract (Su et al., 2000), and the
CYP2A13 protein has been detected in adult human lung (Zhu et al., 2006; Zhang et al.,
2007). Heterologously expressed CYP2A13 has a catalytic efficiency greater than that of any
other human P450 enzymes examined to date, for the metabolic activation of a major tobacco-
specific procarcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (Jalas et al.,
2005). CYP2A13 also catalyzes the metabolic activation of other chemical carcinogens, such
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as 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) (Jalas et al., 2003), 4-
aminobiphenyl (Nakajima et al., 2006), and aflatoxin B, (He et al., 2006). The combination of
the high catalytic efficiency toward NNK the tissue-selective expression of CYP2A13 mRNA
and CYP2AL13 protein in human respiratory tract, and the finding that levels of CYP2A13
protein expression correlate with rates of lung microsomal NNK metabolic activation (Zhang
et al., 2007), strongly suggests that CYP2A13 plays an important role in the metabolic
activation of NNK in the respiratory tract of human smokers.

Many single-nucleotide polymorphisms (SNPs) have been identified in CYP2A13. The
potential impact of SNPs on CYP2A13 expression has been demonstrated for alleles containing
a 7520C>G variation, which is associated with lowered allelic expression (Zhang et al.,
2004). The functional consequences of several missense SNPs, including an Arg257Cys
variation in exon 5, have been investigated (Zhang et al., 2002; Schlicht et al., 2007; Wang et
al., 2006). The Arg257Cys variation, which resulted in modest decreases in metabolic activities
toward NNK and other CYP2A13 substrates (Zhang et al., 2002; Schlicht et al., 2007), was
found to be significantly associated with substantially reduced risks for smoking-related lung
adenocarcinoma in a Chinese population, especially among light smokers (Wang et al.,
2003). However, given the relatively small decrease in metabolic activity reported for the
Arg257Cys variant, it has been questioned whether the Arg257Cys variation is directly
responsible for the protective effects that were seen in the epidemiological study (Zhang et al.,
2002; Wang et al., 2006).

The Arg257Cys variation is one of the structural features in the protein encoded by the
CYP2A13*2 allele, which contains an additional missense variation in exon 1 (Arg25GIn)
(Zhang et al., 2003, Jiang et al., 2004). However, it remained to be determined whether the
Arg25GIn and Arg257Cys double variant (CYP2A13.2) shows decreased metabolic activity
toward NNK, as compared with the activity of the wild-type (WT) protein (CYP2A13.1).
Furthermore, it was not known whether the CYP2A13*2 allele is associated with altered
CYP2A13 gene expression. A combination of changes in metabolic activity and changes in
gene expression might better explain the significant protective effects seen in the
epidemiological study referenced above. Thus, the aim of the present study was to answer these
remaining questions, in order to obtain mechanistic support for a causal relationship between
the CYP2A13*2 allele and the reduced risks for lung adenocarcinoma. The CYP2A13.2 protein
was generated by site-directed mutagenesis and heterologous expression in insect Sf9 cells.
Using CYP2A13.2, we tested the combined effects of the Arg257Cys and Arg25GiIn
substitutions on CYP2A13 enzyme activity. In addition, using adult human lung tissues, we
quantified the expression of the CYP2A13*2 allele, as compared to the expression of the
CYP2A13*1allele, in heterozygous individuals, and we also compared total CYP2A13 mRNA
levels between *1/*1 and heterozygous *1/*2 individuals. Finally, we sequenced the upstream
region of the CYP2A13 gene promoter, in order to identify additional polymorphisms that might
cause altered expression of the CYP2A13*2 allele. Our findings indicate that the CYP2A13*2
allele is associated with decreased metabolic activity as well as decreased CYP2A13 mRNA
expression, and they suggest that the reported protective effects of the CYP2A13*2 allele in
light smokers are at least partly due to a decrease in CYP2A13 function.

Materials and Methods

Site-Directed Mutagenesis and Heterologous Expression of the CYP2A13 Arg25GIn/
Arg257Cys Variant in Insect Sf9 Cells

The 74G>A point mutation found in exon 1 of the CYP2A13 gene was introduced into the
3375C>T CYP2A13 cDNA (Zhang et. al., 2002) or the WT CYP2A13 cDNA (Su et al.,
2000), both in the pCR-Script vector (Stratagene, La Jolla, CA); the QuikChange site-directed
mutagenesis kit (Stratagene) was used, yielding expression vectors for the production of the
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CYP2A13.2 protein and the CYP2A13 Arg25GIn variant. Two complementary mutagenic
oligonucleotide primers were used to introduce the exon-1 variation: 5'-
gtcttgatgtcagtctggcAgcagaggaagagcagg-3' (sense) and 5'-
cctgctcttcctetgcTgecagactgacatcaagac-3' (antisense), with the upper-case letter indicating the
changed nucleotide. Mutagenesis reactions were performed essentially according to the
manufacturer’s instructions. The resulting plasmids were analyzed by sequencing, in order to
confirm the nucleotide changes and the integrity of the variant cONA. Heterologous expression
of the Arg25GIn, Arg257Cys, Arg25GIn/Arg257Cys (CYP2A13.2), and the WT Arg25/
Arg257 (CYP2A13.1) proteins in Sf9 cells was performed as previously described (Su et al.,
2000; Zhang et al., 2002). Microsomal fractions, prepared as described earlier (Liu et al.,
1996), were stored at —80°C until use. P450 protein expression was confirmed by immunoblot
analysis of microsomal proteins with a rabbit anti-mouse CYP2A5 antibody (Gu et al.,
1998).

Determination of Catalytic Activity

Formaldehyde, formed from hexamethylphosphoramide (HMPA), 2’-methoxyacetophenone
(2'-MAP), N,N-dimethylaniline (DMA), and N-nitrosomethylphenylamine (NMPhA), was
measured in incubations with CYP2A13.1 and CYP2A13.2 in Sf9 microsomes, as described
previously (Su et al., 2000), according to the method of Nash (1953). The rates of product
formation were corrected for zero time blanks that were quenched before the addition of
NADPH. Reactions were carried out at 37°C for 20 min. The enzyme activities were linear
with incubation time under the conditions used.

NNK metabolism was performed essentially as previously described (Su et al., 2000). [5-2 H]
NNK (10.9 Ci/mmol; purity >98%) was purchased from Moravek Biochemicals, Inc. (Brea,
CA) and unlabeled NNK was purchased from Chemsyn Science Laboratories (Lenexa, KS).
All other chemicals were obtained from Sigma-Aldrich (St. Louis, MI). The radiolabeled NNK
was further purified by reverse-phase HPLC before use. For inhibition studies, inhibitors were
added at 0-50 uM in 2 pl methanol. Reactions were carried out at 37°C for 5 to 10 min, and
terminated with 50 pl each of 25% zinc sulfate and saturated barium hydroxide. The samples
were spun, and 75 pl aliquots were injected, for analysis in a reverse-phase HPLC system
consisting of a Model 600S controller, a Model 626 pump, a Model 717 Plus autosampler
(Waters, Milford, MA), equipped with a Radiomatic Series A-500 Radio-Chromatography
Detector (Perkin EImer, Waltham, MA). The HPLC conditions used were the same as
previously described, with the analyses performed in the presence of sodium bisulfite (Su et
al., 2000), except that 20 mM Tris-HCI buffer, pH 5.0, was used, a condition that was found
to increase the stability of the keto aldehyde during analysis. Non-linear regression and enzyme
kinetic analyses were performed with the GraphPad Prism 5 software (GraphPad Software,
San Diego, CA).

Immunoblot Analysis

Electrophoresis was carried out with NuPage 10% Bis-Tris 1-mm-thick gels (Invitrogen,
Carlsbad, CA) using an XCell SureLock™ Mini-Cell system (Invitrogen). After
electrophoresis, proteins were transferred to nitrocellulose membranes, and then incubated
with a polyclonal anti-CYP2A5 (Gu et al., 1998), a monoclonal anti-CYP2AG6 from Invitrogen
(#151-45-4), or a monoclonal anti-CYP2A6 from Gentest (#A106; Woburn, MA), for
immunoblot analysis. The nitrocellulose membrane was first blocked in TBST buffer (Tris-
buffered saline containing 0.1% Tween-20) and 5% milk, overnight at 4°C. The nitrocellulose
membrane was then incubated with a 1:2000 dilution of anti-CYP2A5 in TBST containing 5%
milk, or a 1:1000 dilution of the anti-CYP2A6 in TBST containing 0.5% milk. The
nitrocellulose membrane was then washed in TBST, and incubated, at room temperature, with
a 1:10,000 dilution of peroxidase-conjugated goat anti-rabbit immunoglobin G (for anti-
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CYP2ADS5) or goat anti-mouse immunoglobin G (for anti-CYP2A6). Immunoblot analysis was
performed with an enhanced chemiluminescence kit from Amersham (Pittsburgh, PA).
Heterologously expressed CYP2A6 in Sf9 cell microsomes (Liu et al., 1996) was used as a
positive control, and microsomes from un-infected Sf9 cells were used as a negative control.
For quantitative analysis, a digitized image of an immunoblot was analyzed with the Labworks
software (UVP, Upland, CA).

Preparation of DNA, RNA, and First-strand cDNA

DNA and RNA were isolated from resected normal lung biopsy tissues (provided by the
National Cancer Institute Cooperative Human Tissue Network or the Shanxi Tumour Hospital,
Taiyuan, China), and from human fetal autopsy tissues (non-cancerous; provided by the
University of Washington Birth Defects Research Laboratory, Seattle, WA). DNA from tissue
samples, used for the identification of individuals heterozygous for the 3375C>T variation,
were isolated using a DNeasy tissue kit (QIAGEN, Valencia, CA). Total RNA was isolated
from normal lung tissues with use of an RNeasy Mini kit (QIAGEN). Total RNA was pretreated
with DNase | (Invitrogen) to exclude genomic DNA contamination. First-strand cDNA was
synthesized from 2 ug of total RNA in a total volume of 20 pl, using the SuperScript I first-
strand synthesis system and an Oligo(dT),q primer (Invitrogen). This study was approved by
the Institutional Review Boards of the participating institutions.

Quantitative Analysis of CYP2A13 Expression

Allelic expression analysis for CYP2A13*1 and CYP2A13*2 mRNAs was conducted
according to the general method previously described for the allelic expression analysis of the
CYP2A13 7520C/G alleles (Zhang et al., 2004). First-strand cDNA was synthesized as
described above. A 531-bp fragment (exons 3 to 6) of the CYP2A13 cDNA was amplified by
PCR using the primers 2A13E3F-RT2 (5'-aggcgcggcatcgaggaa-3') and 2A13E6R-RT2 (5'-
cgcaaagaagaggttcagg-3'). PCR was carried out using a LightCycler and the LightCycler
FastStart DNA Master SYBR Green | kit (Roche Applied Sciences, Indianapolis, IN). Reaction
mixtures, in a total volume of 20 pl, contained 4 pl of 1st-strand cDNA, 3.0 mM MgCl,, 0.4
uM each primer, and 2 pl of the Master mix. After a preincubation at 95°C for 8 min, the
reaction was carried out for 60 cycles, with each cycle consisting of a denaturation at 95°C for
15s, an annealing at 66°C for 10 s, and an extension at 72°C for 25 s, followed by a final
extension at 72°C for 1 min. A nested PCR was carried out using the primers 2A13E4F2 (5'-
gcgccaatatcgatcccacct-3') and 2A13E6-RT1 (5'-cgcaaagaagaggttcagg-3'), and hybridization
probes designed and synthesized by TIB MolBiol (Adelphia, NJ). The sequences of Anchor
and Sensor probes (with the variation sites in upper case) are as follows: Anchor probe, 5'-
ccaccttcttggcgatgaagtectee-fluorescein-3'; Sensor [C] probe, 5'-LightCycler Red-640-
gcgtgeGetggttgtge-phosphate-3' (for the CYP2A13*1 allele); and Sensor [T] probe, 5'-LC-
Red640-cagcgtgcActggttgtgc-phosphate-3' (for the CYP2A13*2 allele). The reaction
mixtures, in a total volume of 10 pl, contained 2 pl of the 531-bp fragment (gel-purified) from
the first PCR, 3.0 mM MgCly, 0.4 uM each primer, 0.3 uM Sensor [C] or Sensor [T] probe,
0.3 uM Anchor probe, and 1 ul LightCycler FastStart hybridization probe reagent mix. After
pre-denaturation at 95°C for 8 min, reactions were carried out for 50 cycles (with each cycle
consisting of a denaturation at 95°C for 10 s, an annealing at 65°C for 10 s, and an extension
at 72°C for 18 s), followed by a final extension at 72°C for 1 min. Fluorescence was monitored
at 65°C. Standard curves were generated in reactions with known ratios of the *1 and *2
templates (1:5, 1:3, 1:1, 3:1, 5:1, as well as *1 only and *2 only), which were purified PCR
products amplified from cloned CYP2A13 gene fragments. Each quantitative PCR run also
included a no-template control. Melting-curve analysis, calculation of peak-height ratios, and
transformation into template ratio were all conducted as described previously (Zhang et al.,
2004).
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Measurement of total CYP2A13 mRNA

The total CYP2A13 mRNA levels, as well as the mRNA level for the housekeeping gene B-
actin, were determined by real-time PCR using an ABI 7500 Fast Real-Time PCR System and
SYBR Green PCR Core Reagents (Applied Biosystems, Foster City, CA). Total RNA
extraction and first-strand synthesis were carried out as described above. The primers used
were 2A13-F and 2A13-R for CYP2A13, and p-actin-F and B-actin-R for B-actin (Zhang et al.,
2004). The expected sizes of PCR products were 204 base pairs (bp) for CYP2A13 and 396
bp for p-actin. Reaction mixtures for CYP2A13 contained 2 pl reverse transcription product,
3 mM MgCly, 0.3 uM each primer, 2 ul of 10x SYBR Green PCR buffer, 1.6 ul of dNTP blend,
0.2 Units AmpErase UNG, and 0.5 Units AmpliTag Gold in a final volume of 20 pl. The
reaction mixtures for B-actin were the same, except that 0.4 uM each primer was used; also
AmpErase UNG was omitted from the reaction. Reactions were initiated with denaturation at
50°C for 2 min (this step was omitted for B-actin), and then 95°C for 8 min, followed by 40 to
50 cycles of amplification (CYP2A13: 50 cycles of 95°C, for 10 s, and 64°C, for 1 min; p-
actin: 40 cycles of 95°C for 10 s, 62°C for 10 s, and 72°C for 30 s). Fluorescence was monitored
at 64°C for CYP2A13 and at 72°C for B-actin. All quantitative PCR reactions were performed
in duplicate and included standards (10-fold serial dilutions of cloned cDNA for CYP2A13,
and 10-fold serial dilutions of gel-purified reverse transcription-PCR products for B-actin), a
no-template control, and the first-strand cDNA samples. The data were evaluated with the ABI
7500 Fast System SDS software (Applied Biosystems). The relative levels of CYP2A13
MRNA were normalized as number of copies of CYP2A13 cDNA per 100,000 copies of B-
actin cDNA.

DNA Sequence and Genotype Analysis

For identification of promoter-region SNPs or other types of sequence variations, a 2304-bp
fragment, between -2059 and 244 bp, of the CYP2A13 gene was amplified using primers
2A13up-2059F and 2A13int1R (Fujieda et al, 2003). PCR was carried out on a GeneAmp PCR
System 9600 (Perkin Elmer). PCR products were gel-purified using a QlAquick Gel Extraction
kit (QIAGEN) and then subjected to direct sequencing using the primers 2A13up-2059F,
2A13up-Seq4 (5'-agtgtgtccactgctgatge-3'), 2A13_5UR (5'-ggtgtagttgggaggtgaaatg-3'), and
2A13up-Seql (5'-gcttgctacacactccacct-3').

For detection of SNPs representing CYP2A13*3,*4,*5,*6,*7,*8, and *9 alleles, exons 2, 3, 6,
9, and the 3'-untranslated region (UTR) of all adult human lung samples used in the study were
amplified using primers exon 2F and exon 2R, exon 3F and exon 3R, and exon 6F (all described
by Zhang et al., 2002); exon 6R2 (5'-actggaaagggaggaaagtga-3'); and exon 8F and 2A13R2
(Zhang et al., 2004). A no-template control was routinely used for detecting potential
contamination of reagents. PCR products were gel-purified, and then subjected to direct
sequencing using the primers exon 2F, exon 3F, exon 6F, and exon 9R (5'-
gatgtccttcagagctgtga-3'). DNA sequencing was performed using an automated DNA sequencer
from Applied Biosystems (model 3100) at the Molecular Genetics Core of the Wadsworth
Center.

Reporter Plasmid Construction, Cell Culture, Transfection, and Luciferase Reporter Assays

The 2304-bp CYP2A13 promoter fragment was amplified from individuals identified as either
WT or heterozygous for the 26-bp deletion using the primer pair 2A13up-2059F and
2A13int1R. Following a 10-fold dilution of the PCR products, a 394-bp fragment (—2059 to
—1666) was amplified using the following primers: 5’-ggcggcgagctcacatcagagcctgtcctgtge-3’
(forward), containing a Sacl site (underlined), and 5'-catcagcagtggacacactg-3’ (reverse). The
resulting PCR fragments, which also contained an EcoRYV site (at —1707), were digested with
Sacl and EcoRV; the resultant 353-bp Sacl-EcoRV fragment was used to replace the 468-bp
Sacl-EcoRV fragment at the 5’-end of the p2A13_2153 vector (Ling et al., 2007), yielding the
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p2A13*1 (containing —2059 to +17 of the CYP2A13 gene sequence) and p2A13*1A26
luciferase reporter constructs. CYP2A13 sequences in these promoter constructs were
confirmed to be identical to a reference sequence (GenBank accession number NG_000008),
except for the 26-bp deletion.

Human lung cancer A549 cells (ATCC #CCL-185, Manassas, VA), cultured in Ham’s F-12k
medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum, were transfected with a
CYP2A13 reporter construct, or pGL3_Basic (vector control), both encoding a firefly
luciferase, as well as the pRL-SV40 Renilla luciferase construct (Promega, Madison, WI) as
an internal standard. Cells were cultured in 6-well plates, maintained in a humidified 5%
CO5, atmosphere at 37°C. Transfections were done in duplicate, with two different DNA
preparations (each consisting of 0.3 pmol of a reporter gene construct and 3 fmol of pRL-
SV40), and using Lipofectamine 2000 (Invitrogen). Cells were harvested 48 h after
transfection. The Dual Luciferase Reporter Assay System (Promega) was used for
determination of the relative luciferase activities. Luminescence was measured using a
Berthold model LB9501 luminometer (Bad Wildbad, Germany). For each sample, the activity
of the firefly luciferase was normalized by that of the Renilla luciferase, in order to correct for
differences among wells in cell density and transfection efficiency.

Other Materials and Methods

Results

CO-difference spectra of microsomal P450 were recorded at room temperature using a Cary
3E spectrophotometer (Varian, Mulgrave, Australia), according to the procedure described by
Omura and Sato (1964). Protein concentrations were determined by the bicinchoninic acid
method (Pierce, Rockford, IL), with bovine serum albumin used as the standard. Rat CPR was
obtained as described elsewhere (Zhang et al., 1998). Gel-purification was performed using a
QIAquick Gel Extraction Kit (QIAGEN). PCR-restriction fragment length polymorphism
analysis, as described previously (Zhang et al., 2002), was used to identify tissue samples
heterozygous for the 3375C>T variation. Student’s t test was used to examine the significance
of either differences in metabolic activities between CYP2A13.1 and CYP2A13.2, or else
differences in activities between the p2A13*1 and p2A13*1A26 luciferase reporter constructs.
The Sign Test (Rosner 2006) was used to determine the significance of differences between
the relative allelic expression of the CYP2A13*1 allele and that of the CYP2A13*2 allele.

Heterologous Expression and Functional Characterization of the CYP2A13.2 Variant

A cDNA for the CYP2A13.2 variant was generated and cloned into a baculoviral vector for
expression in insect Sf9 cells. The sequence of the CYP2A13.2 cDNA insert in the baculoviral
expression vector, and the sequences at the cloning sites, were confirmed. The yield of P450
in lysate from recombinant virus-infected Sf9 cells ranged from 10 to 39 nmol/L in different
batches of cells cultured with the addition of hemin. The level of the cytochrome in the
microsomal fractions ranged from 0.17 to 0.83 nmol/mg of protein.

A typical P450 CO-difference spectrum with an absorbance maximum at 452 nm was recorded
with detergent-solubilized microsomal preparations from CYP2A13.2-expressing Sf9 cells
(data not shown). The CYP2A13.2 protein expression was confirmed by immunoblot analysis,
in which a single band of the expected size was detected for the microsomal fraction of
CYP2A13.2-expressing cells, but not for the microsomal fraction of control Sf9 cells (data not
shown).

The activities of the CYP2A13.1 and CYP2A13.2 proteins toward four known CYP2A13
substrates, HMPA, DMA, 2'-MAP, and NMPhA, were examined. The CYP2A13.2 protein
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was less active toward all four compounds than was the CYP2A13.1 protein, with the extents
of decrease in activity ranging from 19% to 34% (Table 1). The decreases in turnover number
were statistically significant for all four compounds tested.

The metabolic activity of CYP2A13.2 toward NNK was also compared to that of the
CYP2A13.1 protein. The CYP2A13.2 protein had significantly lower Vp,ax values for both
keto aldehyde and keto alcohol formation (Table 2). The extent of decrease in Vax Of the
CYP2A13.2 protein, compared to the CYP2A13.1 protein, was ~29% and ~44% for the keto
aldehyde and keto alcohol, respectively. The apparent Ky, values were not statistically different
for either product when compared to the CYP2A13.1 K,,, values, and they were similar between
keto aldehyde and keto alcohol formation. No other products were detected by radiometric
high-pressure liquid chromatography.

The CYP2A13.1 and CYP2A13.2 proteins are expected to co-exist in *1/*2 heterozygous
individuals. To test the hypothesis that the CYP2A13.2 protein can inhibit the activity of the
CYP2AL13.1 protein, possibly through competition for available CPR in the microsomal
membrane, the activities of a 1:1 mix of the two proteins toward NNK were compared to the
activities of each enzyme alone, with various levels of CPR used in the reconstituted system.
As expected, lowering the amount of CPR decreased the rate of keto aldehyde formation.
Nonetheless, the rate for the CYP2A13.1 and CYP2A13.2 mix was not different from the
averaged rates for each individual enzyme, atall CYP to CPR ratios tested (Table 3). The extent
of decrease in the rate of aldehyde formation, for the CYP2A13.2 protein as compared to the
CYP2A13.1 protein, was 28-35%, at the various CPR levels; this extent was similar to what
was observed for the magnitude of the differences seen in Vnax, When the Kinetic parameters
were determined (Table 2). Decreases in the rate of keto alcohol production, by extents similar
to those seen for keto aldehyde formation, were also observed (data not shown), although the
peak areas for the keto alcohol were too small to allow accurate rate determination when
lowered levels of CPR were used.

Effects of CYP2A Inhibitors on CYP2A13.1 and CYP2A13.2

We tested CYP2A inhibitors, to determine whether they differentially inhibited the
CYP2A13.1 and CYP2A13.2 proteins; allele-specific inhibitors would be useful for
determination of the relative contribution of each protein to total microsomal metabolism.
Miconazole, a potent CYP2A5 and CYP2AG6 inhibitor (Draper et al., 1997, Méenpéaa et al.,
1993); metyrapone, a potent inhibitor of CYP2AS5 but not CYP2A6 (Méaenpéa et al., 1993);
tranylcypromine, a potent CYP2A6 and CYP2AL13 inhibitor (Draper et al., 1997; Nakajima et
al., 2006); and 8-methoxypsoralen, a potent CYP2A5, CYP2A6, and CYP2AL13 inhibitor (von
Weymarn et al., 2005, Draper et al., 1997, Maenpaa et al., 1993), were all tested with both
CYP2A13.1 and CYP2A13.2, with NNK as the substrate. All four CYP2A inhibitors showed
strong inhibition of keto aldehyde formation for both CYP2A13.1 and CYP2A13.2 (Fig. 1).
Keto alcohol formation was also potently inhibited for both enzymes; total inhibition was
achieved at lower concentrations of inhibitor for keto alcohol formation than for keto aldehyde
formation (data not shown). For each compound, the extent of inhibition (% of control) was
similar between the two CYP2A13 proteins, indicating that the two forms cannot be
distinguished by any of the CYP2A inhibitors tested. To our knowledge, this is the first report
of miconazole or metyrapone as an inhibitor of CYP2A13.

Immunoblot Analysis of CYP2A13.1 and CYP2A13.2 Proteins

The CYP2A13.1 and CYP2A13.2 proteins could not be resolved on immunoblots, even with
the recently described high-resolution gel electrophoresis system, a system that allowed

resolution of CYP2A13.1 and CYP2A6 (Wong et al., 2005) (data not shown). An anti-2A13
peptide antibody has been described (Zhu et al., 2006); however, the epitope detected by that
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antibody is far from the two variant residues in the CYP2A13.2 protein. Therefore, it is unlikely
that the anti-2A13 peptide antibody will distinguish CYP2A13.1 from CYP2A13.2. The
epitopes recognized by several other available anti-CYP2A antibodies, which might also cross-
react with CYP2A13, have not been identified; those antibodies may recognize epitopes that
are affected by the amino-acid changes in the CYP2A13.2 protein. Thus, we chose two
monoclonal anti-CYP2AG6 antibodies (#A106 from Gentest, and #151-45-4 from Invitrogen)
and, as a control, a polyclonal anti-CYP2A5 antibody, in a further attempt to distinguish
between the CYP2A13.1 and CYP2A13.2 proteins on immunoblots. CYP2A6 was detected
by all three antibodies tested, while CYP2A13.1 and CYP2A13.2 were detected only by the
anti-CYP2AS5 and the A106 anti-CYP2AG, but not by the 151-45-4 anti-CYP2AG6 (Fig. 2); the
151-45-4 anti-CYP2A6 could, however, weakly react with CYP2A13.1 under less stringent
conditions (data not shown). The A106 anti-CYP2A6 antibody had an apparently lower binding
affinity for CYP2A13.2 than for CYP2A13.1 (panel C); the magnitude of the difference in
binding affinity was estimated to be ~50% by densitometric analysis. This differential binding
was in contrast to the apparently equal binding affinity of the polyclonal anti-CYP2AS5 antibody
for the two CYP2A13 proteins (panel A). Further analysis using Arg25GIn and Arg257Cys
single variant proteins demonstrated that A106 had a similar decrease in binding affinity for
the Arg257Cys variant, but not the Arg25GIn variant (Fig. 2, panel D), a result indicating that
the epitope recognized by A106 is somewhat altered by the Arg257Cys change. In control
experiments (panel E), the anti-CYP2AS5 polyclonal antibody had comparable affinity for the
Arg257Cys and the Arg25GIn variants.

Sequence Analysis for Adult Human Lung Samples

The DNA from human lung samples used for relative allelic expression analysis and
measurement of total CYP2A13 mRNA was sequenced for known SNPs in CYP2A13 exons
2,3,6,9,andthe 3-UTR, in order to confirm that the samples used were of either CYP2A13*1/
*1 or CYP2A13*1/*2 genotype, and that they did not contain the 7520C>G variation known
to be associated with decreased allelic expression. Sequence analysis revealed that none of the
tissue samples contained any of the following alleles (represented by the SNPs shown in the
parentheses): *3 (1706C>G), *4 (579G>A), *5 (7343T>A), *6 (7465C>T), *7 (578C>T), *8
(1706C>G), or *9 (5294G>T); neither did they contain the 7520C>G change. Therefore, the
samples identified as heterozygous for the 3375C>T variation by restriction fragment length
polymorphism are all from *1/*2 individuals, and the samples negative for the 3375C>T
variation are all from *1/*1 individuals.

Relative Expression Level of the CYP2A13*2 Allele in Human Lung

Tissues from eight individuals (4 Caucasians and 3 African-Americans, and 1 of unknown
race; 3 male, 5 female; 38-79 years of age at the time of lung tissue biopsy), identified by
restriction fragment length polymorphism and genotyping analyses as *1/*2 heterozygotes,
were used to determine whether the CYP2A13*2 allele has a lower expression level in the
lung, compared to the CYP2A13*1 allele, by allele-specific quantitative RNA-PCR. The
relative allelic expression levels (ratios) for the CYP2A13*1 and CYP2A13*2 mRNAs ranged
from 1.1 to 2.7 (3375C:3375T) when assayed using the 3375C probe. Use of the 3375T probe
gave similar results, with C:T ratios ranging from 1.1 to 2.7. The averaged C:T ratios for the
eight individuals were 1.5 + 0.5 and 1.7 £ 0.6, for the 3375T and 3375C probes, respectively
(means x S.D.; p<0.05, Sign Test). The results indicate that the CYP2A13*2 mRNA is, on
average, expressed at levels 30-40% lower than the levels of the CYP2A13*1 mRNA.

The epidemiological study that identified an association between the CYP2A13*2 allele and
decreased lung cancer incidence in smokers was performed in a Chinese population (Wang et
al., 2003). We considered the possibility that the expression differences between CYP2A13*1
and CYP2A13*2 alleles differ between Chinese and other ethnic groups. Therefore, we further
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examined the relative allelic expression of the CYP2A13*1 and CYP2A13*2 alleles in tissues
from five Chinese heterozygotes. We found that the averaged C:T ratios were similar in the
five Chinese lung samples (1.6 £ 0.6; means £ S.D.) and the seven Caucasian/African American
samples (1.7 = 0.6); since there were no significant differences between results obtained with
the 3375C and 3375T probes, we averaged the results for the two probes for each sample in
these comparisons. We also confirmed that there was no sequence variation at the primer or
probe binding sites in any of the samples tested (data not shown).

Comparison of Total CYP2A13 mRNA Levels in Lung Tissues from *1/*1 and *1/*2 Individuals

Total CYP2A13 mRNA levels were determined using real-time PCR with CYP2A13 gene-
specific primers in 21 human lung samples (1 of unknown race, 12 Caucasians, and 8 African-
Americans; 6 male, 15 female; 42-86 years of age at the time of lung tissue biopsy). The 21
tissue samples were derived from 11 *1/*1 individuals and 10 *1/*2 individuals. The CYP2A13
mRNA levels were normalized by the level of B-actin mRNA in the same lung samples. The
expression level in CYP2A13*1/*1 samples (30 + 26 copies of CYP2A13/107 copies of f-
actin; means + S.D.) was higher than that in CYP2A13*1/*2 samples (18 + 21 copies of
CYP2A13/10 copies of p-actin); however, the difference between the two groups was not
statistically significant (p>0.05, Mann-Whitney rank sum test). There was a large (70-fold)
inter-sample variation in mMRNA levels in both groups.

Identification of A Novel 26-bp Deletion in the CYP2A13 5'-flanking Region

Two fetal lung samples, which were identified in preliminary studies as having low expression
of CYP2A13 mRNA, were found to be heterozygous for the 3375C>T variation that is unique
to the CYP2A13*2 allele. These two samples were sequenced from —2059 to 244 bp, in an
effort to identify SNPs associated with the decreased-expression phenotype. Both samples were
heterozygous for four SNPs that are common to the CYP2A13*2 alleles (—1479T>C,
—1429A>G, —1240A>G, and —411G>A; Human Cytochrome P450 Allele Nomenclature
Committee). In addition, both samples were heterozygous for a novel 26-bp deletion (5'-
actcttatgccctcctgaagcaggac-3'), identified between —1888 and —1913 bp of the promoter.
Further sequence analysis of 11 heterozygous *1/*2 and nine *1/*1 adult lung biopsy samples
resulted in detection of the 26-bp deletion in all 11 *1/*2 samples, but none of the *1/*1
samples. Taken together, the data indicate that, like the 3375C>T variation, the 26-bp deletion
is unique to the CYP2A13*2 allele, although physical linkage between the 26-bp deletion and
the 3375C>T variation has yet to be confirmed experimentally.

Functional Characterization of the 26-bp Deletion

The effects of the 26-bp deletion on CYP2A13 promoter activity were tested using a reporter
gene assay. A 2304-bp CYP2A13 promoter region, containing either the CYP2A13*1
sequence, or the CYP2A13*1 sequence missing the nucleotides between —1913 and —1888,
was cloned into the pGL3_Basic vector, yielding p2A13*1 and p2A13*1A26 vectors,
respectively (Fig. 3, panel A). The CYP2A13 promoter vectors, or the pGL3_Basic control
vector, were each co-transfected with an internal standard vector into human lung cancer line
Ab549 cells. CYP2A13 promoter activity, determined by normalization to the activity of the
internal control vector, was, on average, 39% lower for the p2A13*1A26 vector than for the
p2A13*1 vector, based on two determinations (Fig. 3, panel B). This finding indicates that the
26-bp deletion leads to decreased promoter activity.

Discussion

We have performed a detailed comparison of the expression and function of the CYP2A13*1
and CYP2A13*2 alleles in this study. The CYP2A13.1 and CYP2A13.2 proteins differ at two
amino acid positions, Arg25GIn and Arg257Cys. Compared to CYP2A13.1, the CYP2A13.2
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protein had lower activities toward several substrates, including NNK, NMPhA, 2'-MAP,
DMA, and HMPA. However, the extents of activity differences between the two proteins were
small (<2-fold). Thus, the functional differences alone do not appear sufficient to explain the
reported association of the CYP2A13*2 allele with decreased incidences of lung
adenocarcinoma in smokers (Wang et al., 2003).

The present finding of small, but significant, decreases in enzyme activities toward a number
of CYP2A13 substrates in CYP2A13.2, as compared to the corresponding activities of
CYP2A13.1, is in contrast to the recent finding that the two CYP2A13 proteins, when
heterologously expressed in Chinese hamster ovary cells, did not differ in their capacity to
activate NNK and aflatoxin-B1, as determined by the capacity of these toxicants to decrease
cell viability (Wang et al., 2006). Nonetheless, a small difference in enzyme activity would be
difficult to detect in an assay for cell viability. In any case, the present finding is consistent
with the report of Wang and coworkers (2006), in that there is no dramatic difference in enzyme
activities between CYP2A13.1 and CYP2A13.2. Notably, while the kinetic parameters
determined in our study for CYP2A13.1-mediated NNK metabolism are within the range of
values previously reported (Bao et al., 2005; He et al., 2004; Jalas et al., 2003; Su et al.,
2000), the rates found here for metabolism of HMPA, DMA, 2'-MAP, and NMPhA by
CYP2A13.1 are higher than those determined previously (Zhang et al., 2002; Su et al., 2000).
These rate differences are at least partly due to the use of rat CPR in this study, as opposed to
the use of rabbit CPR in the previous studies on the metabolism of these four substrates (for
NNK, in contrast, rat CPR was used), given the fact that rat CPR can support higher human
CYP2A activities than can rabbit CPR (Ding, unpublished results).

The activity difference between CYP2A13.1 and CYP2A13.2 appears to be mainly due to the
Arg257Cys change. Previous studies have shown that the Arg257Cys change alone leads to a
decrease in the catalytic efficiency toward NNK, and decreases in the rates of metabolism of
NMPhA, 2'-MAP, DMA, and HMPA (Zhang et al., 2002; Schlicht et al., 2007). The additional
Arg25GIn change in CYP2A13.2 did not extend these functional differences. The Arg257Cys
variation is located near the carboxyl end of the G-helix, according to sequence alignments
(Gotoh 1992; Hasemann 1995) and the CYP2A13.1 crystal structure (Smith et al., 2007).
Recent analyses of the crystal structures of several CYP2 enzymes support the idea that some
conformational changes that occur with substrate binding require the various helices, including
the G helix, to rotate and move (Wester et al., 2003; 2004; Scott et al., 2004); therefore, the
Arg257Cys variation may well interfere with the necessary flexibility in the structure. On the
other hand, it seems unlikely that the Arg257Cys variation causes a reduced interaction with
CPR, given the finding from our mixing experiments with limiting amounts of CPR, namely,
that CPR did not preferentially react with either CYP2A13.1 or CYP2A13.2.

In addition to the identification of activity differences between CYP2A13.1 and CYP2A13.2,
we also attempted to distinguish between the two proteins through the use of chemical
inhibitors, and through immunoblot analysis using two available CYP2A6 monoclonal
antibodies. Interestingly, while none of the chemical inhibitors used was able to differentially
inhibit the two enzymes, the A106 antibody did show a greater affinity for CYP2A13.1 than
for CYP2A13.2. Additional experiments with the Arg25GIn and Arg257Cys variant proteins
suggested that this differential antibody binding was caused by the Arg257Cys variation. Using
Bcepred, a B-cell epitope prediction program (Saha and Raghava, 2004), we found that the
epitopes for CYP2A13.2, predicted based on accessibility and surface exposure, did not include
Cys257, whereas the epitopes for CYP2A13.1 did include Arg257. Thus, Arg257 appears to
be a part of the epitope recognized by the A106 antibody. Unfortunately, we anticipate that it
will be difficult to generate a CYP2A13.2-specific antibody based on the unique presence of
the Cys257.
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The CYP2A13*1 and CYP2A13*2 alleles also differ from one another in their expression
levels in human lung tissue, with CYP2A13*2 mRNA detected at ~30% lower levels than the
CYP2A13*1 mRNA, in an allelic expression analysis. However, it remains to be determined
whether the levels of CYP2A13.2 protein are also decreased and, if they are, whether the extent
of decrease in CYP2A13.2 protein is similar to the extent of decrease in CYP2A13*2 mRNA.
Indirect evidence, including the stability of heterologously expressed CYP2A13.2 and the
general correlation between CYP2A13 mRNA and CYP2A13 protein levels in the human lung
(Zhang et al., 2007), suggests that CYP2A13.2 protein is expressed, even though direct
evidence for the occurrence of the CYP2A13.2 protein has yet to be obtained.

Assuming that the differences in allelic mMRNA expression observed in this study are mirrored
at the protein level, a heterozygous, CYP2A13*1/*2 individual would be expected to show
~30% less activity in NNK a-hydroxylation than would a CYP2A13*1/*1 individual, while a
homozygous, CYP2A13*2/*2 individual would be expected to show ~60% less activity (~30—
40% less total CYP2A13 protein, which is already ~30-40% less active in NNK a-
hydroxylation than is CYP2A13.1). Although these differences appear small, they could have
sufficed to contribute measurably to the decrease in the risk of lung adenocarcinoma observed
for patients with the Arg257Cys variation (Wang et al., 2003), particularly given the reported
occurrence of a threshold dose level in NNK-induced tumor incidence or multiplicity, in both
mouse and rat (Peterson and Hecht 1991; Hecht 1998).

In A/J mouse lung, it was observed that tumor multiplicity, as well as the levels of O6-
methylguanine adduct, increased sharply when the dose of NNK exceeded 2—3 umol/mouse
(for a single i.p. injection) (Peterson and Hecht 1991). In F-344 rats, treated with NNK either
as a subcutaneous injection or else administered in drinking water, a sharp increase in tumor
incidence, as well as in levels of O%-methylguanine adduct in Clara cells, was observed when
the total NNK dose reached ~0.1-0.3 mmol/kg (reviewed in Hecht 1998). Assuming that a
threshold dose also exist for human lung tumor formation, a relatively small (e.g., 30%)
decrease in the rate of metabolic activation of NNK could dampen the rate of formation of
DNA adducts sufficiently that effective repair of the adducted DNA becomes possible. Thus,
individuals with the Arg257Cys variation would in effect have a higher threshold dose for
NNK tumorigenesis than would CYP2A13*1/*1 individuals. Nonetheless, it remains possible
that other, yet to be identified, genetic variations in linkage disequilibrium with the
CYP2A13*2 allele can have also contributed to the observed decrease in the risk of smoking-
induced lung adenocarcinoma.

A 26-bp deletion has been identified, for the first time, in the 5’-flanking region of the
CYP2A13*2 allele. Subsequent experiments indicated that deletion of this 26-bp sequence
from a 2-kb CYP2A13*1 promoter construct leads to a decrease (~30%) in promoter activity;
such a result strongly suggests that the 26-bp deletion is at least partly the cause of the low
allelic expression of the CYP2A13*2 allele in human lung. An analysis of this 26-bp region
using the TFSEARCH program (Heinemeyer et al., 1998) identified potential binding sites for
anumber of transcriptions factors, including AP-1, Gata-1, C/EBP a and C/EBP f, with identity
scores ranging from 71.1 for C/EBP o to 76.5 for Ap-1. In this context, recent findings from
our laboratory have identified the C/EBPs as transcription factors involved in CYP2A13 gene
regulation (Ling et al., 2007).

In summary, the results of the present study indicated that the CYP2A13*2 allele is expressed
at lower levels than is the CYP2A13*1 allele in CYP2A13*1/CYP2A13*2 heterozygotes, and
that the CYP2A13.2 protein has lower activity than does CYP2A13.1 toward NNK and several
other substrates tested. The differences, either in expression levels or in enzyme activities,

between the two CYP2AL13 alleles or proteins were relatively small; however, in combination,
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these differences could account, at least in part, for the reported association of the CYP2A13*2
allele with decreased incidence of lung adenocarcinoma in smokers.

Acknowledgements

We gratefully acknowledge the use of the services of the Molecular Genetics Core Facility of the Wadsworth Center.
We thank the Cooperative Human Tissue Network and Dr. Alan Fantel of the Birth Defect Research Laboratory at
the University of Washington (funded by NIH grant HD00836) for providing human tissues, and Dr. Adriana
Verschoor for reading the manuscript.

This work was supported in part by Public Health Service grant CA092596 from the National Institutes of Health.

ABBREVIATIONS
P450
cytochrome P450
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cytochrome P450 reductase
HMPA
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DMA
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HPLC
high performance liquid chromatography
NNAL
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol
NNK
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
PCR
polymerase chain reaction
SNPs
single-nucleotide polymorphisms
UTR
untranslated region
TBST
Tris-buffered saline (100 mM Tris-Cl, pH 7.5, 150 mM NaCl, and 2.7 mM KCI)
containing 0.1% Tween-20
WT
wild-type
bp
base pair
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Fig. 1.

Tranylcypromine (pM)

Inhibition of CYP2A13.1- and CYP2A13.2-mediated NNK a-hydroxylation by 8-
methoxypsoralen, metyrapone, miconazole, and tranylcypromine. Incubation mixtures
consisted of 10 uM NNK (containing 1 pCi [5-3H]NNK), 0-50 pM inhibitor, 5 mM sodium
bisulfite, 30 pmol rat CPR, 10 pmol of CYP2A13, and other components as described in the
legend to Table 2, in a total volume of 0.4 ml. Reactions were carried out at 37°C for 5 min.
The reactions were performed in duplicate, and the values (relative rates of keto aldehyde
formation) shown are typical of two separate experiments performed.
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Immunoblot detection of CYP2A6, CYP2A13.1, and CYP2A13.2 proteins with various anti-
CYP2A antibodies. A.—C. Heterologously expressed CYP2A13.1, CYP2A13.2, and CYP2A6
(0.5 pmol each) were analyzed on immunoblots with rabbit antiserum to CYP2AS5 (panel A),
#151-45-4 anti-CYP2AG6 (panel B), or #A106 anti-CYP2A6 (panel C). D, E. Heterologously
expressed CYP2A13 variants, Arg25GIn (R25Q) and Arg257Cys (R257C) (0.1 pmol), were
analyzed on immunoblots with #A106 anti-CYP2A6 (panel D) or rabbit Anti-CYP2A5 (panel
E). Results shown are typical of 2-3 experiments performed.
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Fig. 3.

Functional analysis of CYP2A13 promoter. A. Structure of the reporter constructs, p2A13*1
and p2A13*1A26. B. A549 cells were harvested 48 h after transfection with a firefly luciferase
reporter gene construct and the internal control Renilla luciferase construct (pRL-SV40), for
determination of luciferase activities. pGL3_Basic was included as a negative control. Data
from two separate experiments are shown; for each experiment, each construct was analyzed
in triplicate 6-well plates, and the activities of firefly luciferase in cell lysates were normalized
to those of co-transfected Renilla luciferase. The results shown are means = S.D. * p<0.05;
**p<0.001 (Student’s t-test).
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TABLE 1
Catalytic activities of the CYP2A13.1 and CYP2A13.2 toward four xenobiotic compounds
Reaction mixtures contained 50 mM phosphate buffer, pH 7.4, 1 mM NADPH, 1 mM substrate, a reconstituted P450
system consisting of 0.1 pM recombinant P450 in Sf9 microsomes and 0.3 uM purified rat CPR. The reactions were
carried out at 37°C for 10 min, during which product formation was linear with time. Values presented are means £
S.D. from three duplicate determinations.

Substrate Rate (nmol/min/nmol P450) Extent of activity difference (%)
CYP2A13.1 CYP2A13.2 [(2A13.1-2A13.2)/2A13.1] x 100%
NMPhA 16.1 0.6 13.0 +0.32 19
DMA 8.9+0.4 6.7+0.20 25
2'-MAP 10.6 £ 0.5 8.1+052 24
HMPA 6.2+0.4 41+0.32 34

aSignificantly different from CYP2A13.1; p<0.01
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bSignific:;mtly different from CYP2A13.1; p<0.001
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TABLE 2
Metabolism of NNK by heterologously expressed CYP2A13.1 and CYP2A13.2
Incubation mixtures contained 100 mM sodium phosphate buffer, pH 7.4, 1.0 mM EDTA, 3.0 mM MgCl,, an NADPH-
generating system (5.0 mM glucose-6-phosphate, 1.0 mM NADPH, and 1.5 Units of glucose-6-phosphate
dehydrogenase), 2-50 M NNK (containing 1 pCi [5-3H]JNNK), 5.0 mM sodium bisulfite, 20 or 40 pmol of purified
rat CPR, and 5 or 10 pmol of CYP2A13, in a total volume of 0.4 ml. Reactions were carried out at 37°C for 5-10 min.
NNK metabolites were determined using radiometric HPLC, as described in Materials and Methods. The K, and

Vmax Values represent means + S.D. from three separate determinations.

Enzyme Keto Aldehyde Keto Alcohol
Vmax Km Vmax Km
nmol/min/nmol P450 uM nmol/min/nmol P450 uM
CYP2A13.1 51+0.2 6.8+1.1 20+£0.2 57+1.6
CYP2A13.2 36+01P 6.4+10 1.1+0.22 47422

aSignificamtly different from CYP2A13.1; p<0.01

bSignificantly different from CYP2A13.1; p<0.001

Drug Metab Dispos. Author manuscript; available in PMC 2009 November 1.



1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

D’Agostino et al.

TABLE 3

Metabolism of NNK by heterologously expressed CYP2A13.1 and CYP2A13.2 with varying amounts of CPR

Contents of incubation mixtures were the same as described in the legend of Table 2, except that 10 uM NNK (containing
1 uCi [5-3HINNK), 5, 10, or 30 pmol of rat CPR, and 5 or 10 pmol of CYP2A13, were used. Reactions were carried
out at 37°C for 10 min. Data represent the average of two determinations; individual values varied by <15% of the

Page 21

mean.

Enzymes Rate of keto aldehyde formation (nmol/min/nmol P450)

CYP/CPR molar ratio 1:3 1:1 2:1
10 pmol CYP2A13.1 (a) 2.2 1.2 0.7
10 pmol CYP2A13.2 (b) 15 0.9 0.5
5 pmol CYP2A13.1 19 1.0 0.6
+5 pmol CYP2A13.2
Calculated value [(a+b)/2] 1.9 11 0.6
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