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Abstract
Objective—Nicotine, the main addictive ingredient in tobacco, is metabolically inactivated to
cotinine primarily by the hepatic enzyme CYP2A6. Substantial genetic variation in the CYP2A6
gene results in large variation in the rates of nicotine metabolism which in turn alters smoking
behaviours (e.g., amount of cigarettes smoked, risk for dependence and success in smoking
cessation). The goal of this study was to identify and characterize novel variants in CYP2A6.

Methods—The CYP2A6 gene from African American phenotypically slow nicotine metabolizers
was sequenced and seven novel variants were identified [CYP2A6*39 (V68M), CYP2A6*40
(I149M), CYP2A6*41 (R265Q), CYP2A6*42 (I268T), CYP2A6*43 (T303I), CYP2A6*44
(E390K), CYP2A6*44 (L462P)]. Variants were introduced into a bi-cistronic cDNA expression
construct containing CYP2A6 and P450 oxidoreductase (POR) and assessed for protein
expression, enzymatic activity and stability as evaluated using western blotting and nicotine
metabolism. Genotyping assays were developed and allelic frequencies were assessed in 534
African Americans.

Results—The variants displayed significantly lower protein expression (P<0.001) when
compared with the wildtype as well as reduced metabolism of nicotine to cotinine when
controlling for cDNA expression using POR (P<0.001). The variants also displayed reduced
stability at 37ºC. Allelic frequencies ranged from 0.1-0.6% with a collective genotype frequency
of 3.2%; the impact in vitro correlated significantly with in vivo activity (R2=0.40-0.48, P<0.05).
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Together, those with a novel variant had significantly lower nicotine metabolism in vivo than those
without genetic variants (P<0.01).

Conclusion—Here we identified a number of novel variants with reduced/loss of CYP2A6
activity, increasing our understanding of CYP2A6 genetic variability.
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INTRODUCTION
Nicotine is the main addictive compound in tobacco [1]. In the United States, approximately
19% of individuals over the age of 18 are smokers [2]. In vivo, approximately 80% of
nicotine is inactivated to the primary metabolite cotinine (COT) in a reaction principally
mediated by the enzyme CYP2A6 [3]. An association between genetic variation in CYP2A6
activity and numerous smoking behaviours has been demonstrated; slow metabolizers
smoke fewer cigarettes, are less likely to be a current smoker, have lower dependence
scores, reduced risk for lung cancer and better rates of smoking cessation [4-10]. In addition
to nicotine, CYP2A6 is involved in the metabolism of other therapeutic agents including
tegafur (an antineoplastic drug) [11], letrozole (an aromatase inhibitor used in the treatment
of breast cancer) [12] and efavirenz [13], where variability in CYP2A6 is associated with
altered drug levels, potentially impacting therapeutic response [14, 15].

CYP2A6 is the sole mediator of the conversion of cotinine to the metabolite trans-3’-
hydroxycotinine (3HC) [16, 17]. The 3HC/COT metabolite ratio (also known as the nicotine
metabolic ratio, NMR) is a reliable measure of in vivo CYP2A6 activity among regular
smokers; it is stable over time, correlates with both the rate of nicotine clearance and
nicotine metabolism to cotinine and altered by genetic variation in CYP2A6 [8, 16, 18-20].
Extensive genetic variability in CYP2A6 contributes to the large interindividual and
interethnic variability in CYP2A6 activity and the NMR. There are 38 known genetic
variants of CYP2A6 with the majority associated with reduce or loss of enzymatic function
(http://www.cypalleles.ki.se/). Twin studies conducted to parse out the environmental and
genetic influences on the NMR have shown substantial genetic contribution, much of which
is not yet identified by known variants in CYP2A6 [21].

While most CYP2A6 variants identified to date result in reduced activity, a substantial
proportion of individuals without an established variant still exhibit slow nicotine
metabolism, which may be due to novel genetic variation and/or environmental inhibitors.
The goal of this study was to identify novel CYP2A6 variants by sequencing the CYP2A6
gene of individuals with unexplained slow activity. Novel variants were characterized in
vitro after introduction to a bi-cistronic construct containing the cDNA of wildtype CYP2A6
and P450 oxidoreductase (POR) in E.coli and subsequent assessment of their impact on
expression, activity and stability. New genotyping assays were developed and validated, and
used to determine variant frequency. This study expands our knowledge of genetic
variability in CYP2A6, improving our ability to investigate the impact of CYP2A6 activity
on drug metabolism and smoking behaviours, with one goal being the use of this
information to optimize smoking cessation treatments.
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MATERIALS AND METHODS
Cloning and sequencing

To identify novel genetic variants, 32 individuals with low CYP2A6 activity (based on
NMR) had the intronic, exonic and UTR regions of their CYP2A6 gene sequenced. Only
individuals categorized as outliers (slow metabolizers outside one standard deviation from
the group NMR mean) who were not homozygous for established CYP2A6 genetic variants
were sequenced. A 10kb fragment spanning 1.4kb upstream and 8.5kb downstream of the
CYP2A6 start site was amplified using a long polymerase chain reaction (PCR) assay. Long-
PCR was carried out using the primers: 2A65Pr1F (forward) 5’ – ACC TAG ACT TAA
TCT TCC CGT ATA C – 3'and 2A6R13 (reverse) 5’ – GCC TCC CAT AGT GCT ATA
ATT AAC A – 3’ [22]. The conditions for the reaction were as follows: initial DNA
denaturation at 95ºC for 2 min, 30 cycles of denaturation at 95ºC for 20 sec, annealing at
58ºC for 20 sec, elongation at 72°C for 3 min and a final elongation period at 72°C for 3
min. The resulting product was subcloned into a pCR-XL-TOPO plasmid (TOPO® XL PCR
Cloning Kit; Invitrogen, Burlington, Canada) and alleles without established CYP2A6
variants were identified and sequenced at The Centre for Applied Genomics (Toronto,
Canada). Sequencing was performed using a dual ABI 3730XL instrument (Life
Technologies, Carlsbad, USA). Once a novel variant was identified, it was confirmed
through the sequencing of at least three clones containing the novel variant allele followed
by sequencing of the CYP2A6 gene directly from PCR amplified genomic DNA. Following
the creation of a genotyping assay for each novel variant, DNA was sequenced from newly
identified individuals positive for the variant allele.

Creation of CYP2A6 variant constructs
CYP2A6 novel non-synonymous single nucleotide polymorphisms (SNPs) were introduced,
using primers found in supplementary table 1, into a bi-cistronic construct containing the
cDNA of wildtype CYP2A6 and P450 oxidoreductase (POR) [23, 24] using a QuikChange
II XL Site-Directed Mutagenesis Kit (Agilent Technologies, Mississauga, Canada). A
negative construct, in which a 802bp region of wildtype CYP2A6 cDNA was excised
through restriction enzyme digest by BamHI, an established variant construct, CYP2A6*17,
and the wildtype construct CYP2A6*1 were included as controls [24]. All constructs were
sequenced to confirm the changes introduced.

Expression of variant constructs
Control and variant CYP2A6 cDNA constructs were transfected into DH5α competent cells
(MAX Efficiency® DH5α Competent Cells, Invitrogen) and expressed. Membrane fractions
were prepared as previously described [24] and protein concentrations were determined
through the Bradford protein assay (Bio-Rad Laboratories, Mississauga, Canada). CYP2A6
and POR protein levels were determined by immunoblotting using polyclonal CYP2A6
(Polyclonal Anti-2A6 raised in mouse CAT# SAB1400063, Sigma-Aldrich, St. Louis, USA)
and POR (Polyclonal Rabbit Anti-Human P450 Reductase CAT#AB1257, Millipore,
Billerica, USA) antibodies, respectively. In addition, a standard curve using commercially
available cDNA-expressed CYP2A6 protein (CAT# 456254; BD Biosciences, Mississauga,
Canada) was used to determine absolute CYP2A6 protein levels. As expected POR
expression was unaltered between the cDNA constructs (Supplementary Fig. 1), including
the CYP2A6 negative construct, therefore the ratio of CYP2A6 protein levels to POR
protein levels were used to evaluate changes in CYP2A6 expression for each variant relative
to the wildtype construct. Ratios were derived from CYP2A6 and POR protein levels on
Western blots within their individual linear ranges.
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Nicotine metabolism assay
In vitro metabolism of nicotine to cotinine was used to determine CYP2A6 activity as
previously described [25]. A total of 10 pmol of CYP2A6 protein was used in a reaction mix
(final volume of 500 μl) containing 50 mM Tris-HCl (pH 7.4) buffer, 20 pmol/ml expressed
cytochrome b5 (CAT# P2252; Invitrogen), 1 mg of protein/ml human liver cytosol (added in
excess) and nicotine (10 μM to 1000 μM). The reaction mix was pre-heated at 37°C for 2
minutes and metabolism was initiated by the addition of 1 mM NADPH (β-NADPH reduced
tetrasodium salt, Sigma-Aldrich). The reaction duration was 15 minutes at 37°C and was
stopped by the addition of 100 μl of NaCO3. High-pressure liquid chromatography (HPLC)
was used to measure cotinine levels as previously described [26]. Nicotine kinetic
parameters, Km and Vmax, were approximated by the software GraphPad Prism (Version
5.00 for windows; GraphPad Software, San Diego, USA) using the Michaelis-Menten
equation.

Thermal stability assessment
Stability was assessed by incubating equal amounts of CYP2A6 protein (wildtype and
variant) at 37°C for 3, 6, 9, 12 and 24 hours as time points. The 24 hour CYP2A6 protein
aliquot incubation was initiated first followed by the incubation of each subsequent time
stamped aliquot (i.e. 12 hour then 9 hour, etc.) with all incubations ending together 24 hours
after the initial start time; levels of CYP2A6 protein and activity were measured
immediately following the incubation (without freezing samples) by immunoblotting and
metabolism of nicotine to cotinine as described above (using nicotine concentrations of 50
μM and 500 μM).

Genotyping
The CYP2A6 gene was assessed using three overlapping regions for initial PCR gene-
specific amplification; each protocol using a specific set of primers (Supplementary Table
2). The reaction conditions for region 1 involved an initial DNA denaturation at 95°C for 2
min, 40 cycles of denaturation at 95°C for 20 sec, annealing at 55°C for 20 sec, elongation at
72°C for 1 min 15 sec and a final elongation period at 72°C for 3 min. Identical conditions
were used for regions 2 and 3 except that the annealing temperature for region 2 was 60°C
for 20 sec and elongation at 72°C was for 1 min and the annealing temperature was 50°C for
20 sec for region 3. Samples were genotyped using SYBR green (Power SYBR® Green
PCR Master Mix; Life Technologies) using primers optimized for each variant
(Supplementary Table 3) using the following conditions: initial denaturation at 95°C for 10
min followed by 40 cycles of denaturation at 95°C for 15 sec and annealing/elongation at
65°C for 10 sec. Each sample, containing PCR region specific DNA and SYBR green
master mix, was run in duplicate on a 384 well plate containing one common primer and
either a wildtype or variant primer. Reactions were run and read by Applied Biosystems®
ViiA™ 7 Real-Time PCR System (Life Technologies). Samples (N=10) were genotyped for
3524T>C using amplified DNA from both regions 1 and 2 first amplifications and for
5661G>A using amplified DNA from both from regions 2 and 3; genotyping results did not
differ by first amplification region used. Baseline NMR was previously determined from
each participant (N=534) from an African American smoking cessation study of light
smokers (defined as smoking less than 10 cigarettes per day) [27, 28] and was used to
evaluate the impact of the variants identified by genotyping on CYP2A6 activity.

Statistics
In vitro protein expression and catalytic activity of wildtype and variants were compared
using a one way analysis of variance with a Bonferonni correction for post-hoc analysis. The
NMR group mean of the CYP2A6 *1/*1 group was also compared to individual variant
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genotype group NMR means using a one way analysis of variance with a Bonferonni
correction for post-hoc analysis. The NMR group mean of the combined variant group was
compared to the CYP2A6 *1/*1 NMR group mean using an unpaired t-test.

RESULTS
Novel CYP2A6 variants identified

Using the NMR as an indicator of CYP2A6 activity, individuals with low CYP2A6 activity
had their CYP2A6 gene sequenced. Based on this approach, seven novel non-synonymous
genetic variants, CYP2A6*39 (468G>A, V68M), CYP2A6*40 (1767C>G, I149M),
CYP2A6*41 (3515G>A, R265Q), CYP2A6*42 (3524T>C, I268T), CYP2A6*43 (4406C>T,
T303I), CYP2A6*44 (5661G>A, E390K) and CYP2A6*45 (6531T>C, L462P) (Fig. 1) were
identified which had not been previously characterized for impact on CYP2A6. A phenotype
prediction software, Polyphen-2 [29], indicated that each variant was damaging to CYP2A6
(Fig. 1). Furthermore, there is high amino acid conservation at the location of these variants
across numerous species (Table 1) suggesting their importance to enzyme function.

In vitro protein expression and catalytic activity of novel variants
In order to characterize the potential functional impact of these variants, in vitro expression
level and catalytic activity of CYP2A6 variant protein was assessed. Expression levels were
determined as a ratio of CYP2A6 to POR from the bi-cistronic construct (Fig. 2); POR
expression acted as an internal expression control as it was unchanged between variant
constructs (Supplementary. Fig. 1). Deviation from the wildtype CYP2A6 to POR
construct's ratio indicated altered CYP2A6 expression. There was an appreciable reduction
in CYP2A6 protein expression among the novel variants compared to wildtype CYP2A6
(Fig. 2). There was undetectable levels of CYP2A6.41 (R265Q) protein, similar to the
expression of the CYP2A6 negative construct; both had normal levels of POR expression.

Catalytic efficiency of each variant CYP2A6 was determined by assessing cotinine
formation at equivalent expression levels for each variant construct (Fig. 3; Table 2). All
variants exhibited a significant reduction in velocity and turnover when compared to the
wildtype (Table 2). Catalytic efficiency was also assessed at equal amounts of CYP2A6 (10
pmol), although this meant using substantially more protein (and therefore elevated levels of
POR) due to the lower CYP2A6 expression (Supplementary Table 4).

Thermal stability of novel variants assessed in vitro
To determine the impact of the variants on the stability of CYP2A6 protein structure, a
thermal stability experiment was conducted from which levels of remaining protein and
activity over time were assessed. The variants showed a greater decrease in protein level
over time when compared to wildtype with the exception of CYP2A6.44 and CYP2A6.45
which were similar to the wildtype CYP2A6 (Fig. 4a). Variant impact on enzymatic activity
also resulted in a number of variants showing a greater decrease over time when compared
to wildtype (Fig. 4b). Variants differed in their degree of impact on protein stability from
high to low in both measureable parameters. A correlation between remaining protein and
activity was seen across each variant with the exception of CYP2A6.44 where activity
declined sharply over time while protein level remained fairly constant (Fig. 4c, R2=0.79
excluding outlier, R2=0.14 with outlier).

Novel variants associated with slow nicotine metabolizers in vivo
A population of 534 African American treatment seekers was genotyped to determine
variant allelic frequency. Genotype frequencies were as high as 1.2% in the case of
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3515G>A along with some variants found in 0.6% of the sample. There was a collective
frequency of 3.2%. Four variants were identified in a single individual (Table 3). Allele
frequencies ranged from 0.1 to 0.6% (Table 3). The majority of individuals who were found
to have a novel variant had a 3HC/COT ratio lower than the group mean of individuals
without any known genetic variation (Fig. 5). The collective group mean of individuals with
a novel variant was also significantly lower (Fig. 5) suggesting these variants are associated
with slow nicotine metabolizers in vivo. There was a positive correlation found between in
vivo and in vitro CYP2A6 activity (assessed by correlation between in vivo NMR with in
vitro Vmax or turnover rate, Vmax/Km) (Fig. 6a; R2=0.40; Fig. 6b; R2=0.48, respectively).

Many of the novel variants were in linkage disequilibrium with the 51G>A variant
(rs1137115, Fig. 1), which has been predicted by others to reduce CYP2A6 activity in vivo
due to the possibility of creating an exonic suppressor site in exon 1 [30, 31]. To investigate
if this 51G>A variant was associated with lower in vivo CYP2A6 activity in African
Americans we examined 1) the prevalence of the 51G>A variant among those with, versus
without, reduce/loss of function variants, 2) the association of 51G>A variant on CYP2A6
activity among those with or without variants. We found 1) a higher prevalence of the
51G>A among wildtype vs. variant alleles carriers (29.5% vs 12.7%, Chi2 P<0.0001), and 2)
no association between 51G>A genotypes and CYP2A6 activity among those with any
known or novel variant (P=0.32) or among the CYP2A6 wildtype individuals (P=0.86, Fig. 5
Insert), suggesting the association between the novel variants identified here, and variant
alleles in general, and CYP2A6 activity was not mediated through linkage disequilibrium
with 51A.

DISCUSSION
After sequencing the CYP2A6 gene of low activity individuals in a population of African
American light smokers, seven novel nonsynonymous variants were identified and
characterized. These variants were present at allelic frequencies of 0.1 to 0.6%, resulting in
approximately 3% of this population containing at least one of these variants; this constitutes
an initial step towards identification of rare variants in this highly variable gene loci. High
conservation across species at the positions of the variants suggests important structural or
functional regions; both the specific amino acid in each variant allele, and also the
surrounding amino acid region, were highly conserved (Table 1). This high level of
conservation was consistent with the predictions made by PolyPhen-2 that all changes were
damaging. When expressed in vitro, each variant had a deleterious impact on the enzyme
characteristics tested, protein expression, enzyme activity and/or stability, consistent with
their low CYP2A6 activity in vivo.

Assessing the variant locations using the three dimensional crystal structure of CYP2A6 and
bioinformatics predicted that six variants were surface alterations which would negatively
impact function/stability and one, CYP2A6*43, resided internally in a substrate recognition
site [32]. As both CYP2A6 and POR were translated from the same transcript, POR was
used as an internal control for cDNA expression. CYP2A6 variants had widely differing
levels of expression relative to the consistently expressed POR levels suggesting that some
of the variants were particularly unstable. CYP2A6*40, CYP2A6*42 and CYP2A6*43 were
located within helical motifs of CYP2A6 whereas CYP2A6*39, CYP2A6*44 and
CYP2A6*45 were located within β-sheets. CYP2A6*41 was located within a connection loop
between two α-helices and had undetectable levels of expression. CYP2A6*42, with an
alteration located quite close to 3515G>A (CYP2A6*41), also had very low levels of
expression suggesting that this region of CYP2A6 protein structure is important in
maintaining stability. CYP2A6*39 and CYP2A6*40 had similar modest amino acid
substitutions and changes in levels of expression, which was approximately half of wildtype;
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thus these surface alterations may have played a role in their reduced expression as
interactions with the surrounding hydrophilic environment may have been altered.
Expression of CYP2A6.44 and CYP2A6.45 were approximately one-third of wildtype,
consistent with the more dramatic change in amino acids in these two variants. The
CYP2A6*44 allele resulted in a change from a negatively to positively charged amino acid
likely to have a larger impact on the proteins interaction with the environment [33].
CYP2A6*45 introduced a proline into the protein structure which may alter protein
conformation due to the irregular chemical structure of this amino acid. Expression was
slightly altered with CYP2A6.43 suggesting this location had less impact on initial stability/
expression levels.

Compared to wildtype, and consistent with the impact on expression described above, the
variants also had significant and differing impacts on protein stability over time at 37°C,
ranging from high (CYP2A6.17, CYP2A6.39 and CYP2A6.43) to moderate (CYP2A6.40
and CYP2A6.42) to low (CYP2A6.44 and CYP2A6.45) impact. The enzymatic activity also
dropped with time at 37°C resulting in a relatively high correlation between protein stability
and remaining activity; this suggests that the protein instability resulted in a loss of activity.
CYP2A6.44 exhibited a minimal loss of protein over time whereas the enzymatic activity
dropped significantly suggesting that the impact of this variant was not on the structure/
stability of the entire apoprotein but rather the change altered some key aspect of the enzyme
such that it was less able to bind and transform nicotine to cotinine, such as the substrate,
cofactor, or perhaps heme binding site.

All variants had an impact on the enzymatic activity in vitro. Decreases in Vmax were
observed among the six variants assessed (CYP2A6.41 had no appreciable levels of
CYP2A6 protein), while nicotine's substrate affinity (Km) was unaltered for most CYP2A6
variants (Table 2). Turnover rate (Vmax/Km) was also assessed (Table 2). Each surface
variant exhibited a significant reduction in turnover rate signifying an overall reduction in
enzymatic function (Table 2). Surface changes altering the positioning of internal bonding
sites for substrate recognition and/or the shape of the active site could play a role in
decreasing the function of the enzyme. A limitation to be considered is that these in vitro
analyses were conducted in a bacterial system rather than within a mammalian cell system.
A mammalian cell system has specific advantages, but some disadvantages for
characterization including limited protein yields (for the numerous characterizations
performed). As this and previous studies have successfully characterized nonsynonymous
changes using this bacterial system, with in vitro characterization being consistent with the
impact observed in vivo, we do not believe this is a significant limitation [24, 25, 34].

An association between these variants and slow metabolism in vivo was observed. The
collective group of individuals with at least one novel variant had a significantly lower
NMR than individuals without any known genetic variation. The lower NMR correlates with
the observed in vitro metabolism suggesting that the slow metabolism may be attributed to
these specific novel variants. A positive correlation was observed between both in vitro
parameters, Vmax and turnover rate, and NMR with R2 values of 0.40 and 0.48, respectively
(Figure 6). As some of these variants were only found in the specific proband sequenced,
larger sequencing programs of phenotyped individuals will be needed to confirm the
association with decreased activity in vivo, although the in vitro characterization is relatively
strong evidence that these are casual changes to protein structure. A concerted effort to
sequence using approaches as performed here, or those optimized for next generation
sequencing, is needed to fully understand the impact of genetic variation in this enzyme on
smoking behaviors, particularly cessation, as well as disease related risk and
pharmacogenetic implications.
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Some inferences with respect to other substrates of CYP2A6 can be made from these
findings. As most of the variants characterized here altered protein expression and/or
stability, they are likely to alter the enzymatic activity of all substrates, including those of
clinical and toxicological significance. If the structural instability observed from this study
occurs in situ in human liver, this would suggest that individuals with these variants will
have elevated response to drugs inactivated by CYP2A6, and reduced response to drugs
activated by CYP2A6. CYP2A6 plays a principal role in the metabolic activation of the
antineoplastic prodrug tegafur to 5-fluorouracil (5-FU) which is a precursor of the active
anti-cancer metabolites. Reduced tegafur metabolic activation occurs in those with decrease
of function CYP2A6 alleles in vitro and in vivo which may result in decreased clinical
response [35, 36]. Letrozole, another antineoplastic, is metabolically inactivated by
CYP2A6; CYP2A6 slow metabolizers have reduced letrozole clearance and higher plasma
levels [14, 37]. CYP2A6 slow metabolizers have longer plasma exposure to the antiretroviral
substrate drug efavirenz in the presence of impaired CYP2B6, suggesting a minor role of
CYP2A6 [13, 38]. Thus the reduced expression and/or stability of the variants observed in
the present study could impact dosing regimens required for maximal therapeutic response.
In addition to drug metabolism, CYP2A6 plays a role in influencing procarcinogen exposure
and activation [39]. Slow metabolizers have decreased lung cancer risk due to a reduced
likelihood of being a smoker, a reduced exposure to nitrosamines (due to the impact on
lowering cigarette consumption) and a reduced activation of tobacco procarcinogen
nitrosamines [7, 40]. Thus it is likely that the majority of the variants characterized here will
also have reduced activity towards both nicotine and the highly structurally related nicotine-
derived nitrosamine substrates resulting in a reduction in risk for lung cancer; this is
important as African Americans, while generally light smokers have a disproportionately
high morbidity and mortality from smoking, including lung cancer [41, 42].

As variant genotype frequencies ranged from 0.2% to 1.2% most would be classified as rare
variants. The combined genotype frequency was 3.2% in this sample, suggesting that while
individually they are rare they combine to be a potentially important contribution to
variation in the population. The characterization of rare variants will be an important next
step in disease genetics and pharmacogenomics versus the focus on genome wide
association studies of common gene variation [43, 44]. Rare variants may play a larger role
in the unidentified heritability for common diseases than previously expected. Here we
sequenced just 32 alleles, using low activity phenotypes to enhance identification of new
variants, and identified seven novel amino acid changing variants. Characterizing the 5’ and
3’ UTR regions and the intronic variation in these samples without amino acid alterations
characterized here, will likely lead to further sources of variability; detrimental alterations
outside of the 10kb gene fragment assessed in this study may also contribute to this
variability. This suggests that the wide variation observed in rates of nicotine metabolism
among individuals without currently identified genetic variation may be due to rare variants
which alter structure, like those characterized in this study, as well as regulatory variants.
Next generation sequencing analyses, once optimized for the complexities of CYP genes
(which are highly homologous, have many copy number variants, hybrids and deletions),
should provide further insight into both the prevalence of rare variants and their impact on
nicotine metabolism and resulting impacts on variation in smoking behaviors, smoking
related disorders and smoking cessation [45, 46].

In conclusion, this study identified seven novel nonsynonymous variants in a population of
African American light smokers; each reduced in vitro CYP2A6 protein expression,
enzymatic activity and/or stability, consistent with the associated slow metabolism
phenotype. Identifying novel genetic variation establishes a more complete picture of
CYP2A6 variability, improving our understanding of genetic variation in smoking behaviors
and pharmacogenetic responses to CYP2A6 substrate drugs and toxins.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Representation of exonic variation in individuals with an identified novel variant. Bolded
genomic changes indicate non-synonymous SNPs predicting the corresponding amino acid
alteration. aThe prediction software PolyPhen2 determined each variant to be damaging to
CYP2A6 structure or function. PolyPhen2 uses a scaling system to determine variant
impact. In short, scores <0.5 are determined to be benign, scores between 0.5 and 2.0 are
possibly damaging and scores >2.0 are probably damaging (Ramensky et al., 2002).
Genomic changes are relative to the CYP2A6 ATG start site using the reference sequence
NG_008377.1. The protein sequence P11509.3 was used as an amino acid reference.
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FIGURE 2.
Variants had significantly lower CYP2A6 expression when compared to wildtype
(normalized to POR expression). Protein expression levels of CYP2A6 and POR were
determined by immunoblotting. The negative construct (Neg.CYP2A6) did not have
detectable levels of CYP2A6 nor did variant R265Q, while both expressed comparable
amounts of POR. ***P<0.001 Expression was determined from the averaged ratios of
CYP2A6 to POR (of each variant construct), which were both in linear range, from two
independent experiments. The western blots represent a visual comparison between the
variants and wildtype at the same amount of total loaded protein and may not be in the linear
range for all protein levels shown.
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FIGURE 3.
(a) Measuring cotinine formation illustrated the differing effects of amino acid substitution
on enzymatic function. (b) All CYP2A6 variants showed significantly lower maximum
velocities when compared to wildtype. Groups were analyzed using a One-way analysis of
variance with Bonferroni tests used for post-hoc analysis from three independent
experiments ***P<0.001.
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FIGURE 4.
Thermal stability of wildtype and variant CYP2A6 protein was assessed at 37°C over time.
(a) CYP2A6 protein levels were measured by immunoblotting, assessed at each time point
and plotted relative to 0hr. The rate of protein loss among variants differed from high to
moderate to low. The levels of protein were assessed from one experimental procedure. (b)
CYP2A6 activities are shown as percent remaining relative to 0hr. The degree of impact on
activity varied over time from high to low. The activity assessment was run in duplicate. (c)
There is a significant correlation between % activity and % protein remaining of variants at
12hr with the exclusion of the outlier (R2 value excludes outlier; P=0.01).
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FIGURE 5.
Novel variants were associated with slow nicotine metabolizers in vivo as indicated by lower
group means compared to CYP2A6 *1/*1 genotype group. Novel variants are shown
individually along the X axis as well as together as a group (combined). Variant R265Q had
three individuals identified via sequencing and variants V68M and L462P had one
individual identified via sequencing (the remaining individuals within these variant groups
were identified via genotyping). Association with lower activity of the novel variant groups
was tested using a one-way analysis of variance with Bonferroni tests used for post-hoc
analysis **P<0.01. A comparison between CYP2A6*1/*1 and the combined group was
tested using an unpaired t-test ***P<0.001. Inset indicates the lack of association between
51G>A (rs1137155) among the CYP2A6*1/*1 individuals.
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Figure 6.
(a) In vivo impact (assessed as differences in NMR) is correlated with the in vitro impact on
Vmax, when Vmax of each variant when compared to the wildtype. (b) There is a significant
correlation between in vivo and in vitro CYP2A6 activity when in vitro activity is assessed
using turnover rate (Vmax/Km). P=0.04
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Table 1

Novel variants exist in highly conserved locations among different species

CYP2A6*39 V68M CYP2A6*40 I149M CYP2A6*41 R265Q CYP2A6*42 I268T CYP2A6*43 T303I CYP2A6*44 E390K CYP2A6*45 L462P

Human
a --GPVFT-- --ERIQE-- --SPRD--- ---FIDS-- --GGTET-- --GTEVF-- --FRLKS--

Gorilla
b --GPVFT-- --ERIQE-- --SPRD--- ---FIDS-- --GGTET-- --GTEVF-- --FRLKS--

Macaque
c --GPVFT-- --ERIQE-- --SPRD--- ---FIDS-- --AGTET-- --GTEVF-- --FRFKS--

Mouse
d --GPVFT-- --ERIQE-- --SPRD--- ---FIDS-- --AGTET-- --GTEVF-- --FHFKS--

Rat
e --GPVFT-- --ERIQE-- --SPRD--- ---FIDS-- --AGTET-- --GTEVF-- --FCFKS--

Rabbit
f --GPVFT-- --ERIQE-- --SPRD--- ---FIDS-- --AGTET-- --GTEVF-- --FRFKS--

a
P11509.3

b
XP_004060814.1

c
AAT49263.1

d
NP_031838.2

e
NP_036674.1

f
NP_001164520.1 each represents the protein sequence of the corresponding homologue

Pharmacogenet Genomics. Author manuscript; available in PMC 2015 February 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Piliguian et al. Page 19

Table 2

Kinetic parameters of wildtype and variant CYP2A6

Km (μM) Vmax (pmol/min/pmol POR)
a

Vmax/Km (nl/min/pmol POR)
a

WT 64 ± 6 5.4 ± 0.1 84 ± 2

CYP2A6.17 57 ± 10
2.2 ± 0.1

***
39 ± 2

***

CYP2A6.39 62 ± 4
1.5 ± 0.1

***
24 ± 2

***

CYP2A6.40 72 ± 6
1.4 ± 0.1

***
19 ± 1

***

CYP2A6.42 55 ± 10
1.5 ± 0.1

***
27 ± 5

***

CYP2A6.43 76 ± 7
3.6 ± 0.1

***
47 ± 5

***

CYP2A6.44
117 ± 13

***
2.3 ± 0.1

***
18 ± 2

***

CYP2A6.45
110 ± 18

***
1.1 ± 0.1

***
9 ± 1

***

Parameters are measured ± S.E.M. from three independent experiments

a
POR was used as an internal expression control among the variants.

***
P<0.001
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Table 3

Genotype and allele frequencies of variants in African Americans

Variant Allele % of genotyped individuals with one or two copies of a variant (N=) % of genotyped alleles with a variant (N=)

CYP2A6*39 0.6 (3) 0.3 (3)

CYP2A6*40 0.2 (1) 0.1 (1)

CYP2A6*41 1.2 (6) 0.6 (6)

CYP2A6*42 0.2 (1) 0.1 (1)

CYP2A6*43 0.2 (1) 0.1 (1)

CYP2A6*44 0.2 (1) 0.1 (1)

CYP2A6*45 0.6 (3) 0.3 (3)

Combined Group 3.2 (16) 1.6 (16)

Pharmacogenet Genomics. Author manuscript; available in PMC 2015 February 01.


