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Abstract

Among the most potent carcinogens in tobacco are the tobacco-specific nitrosamines (TSNAs), 

with 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) the most abundant as well as the 

most potent. NNK is extensively metabolized to the equally carcinogenic 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL). Of the two NNAL enantiomers, (S)-NNAL 

appears to be preferentially glucuronidated and excreted in humans, but also exhibits higher 

stereoselective tissue retention in mice and humans and has been shown to be more carcinogenic 

in mice than its (R)- counterpart. Due to the differential carcinogenic potential of the two NNAL 

enantiomers, it is increasingly important to know which UGT enzyme targets the specific NNAL 

enantiomers for glucuronidation. To examine this, a chiral separation method was developed to 

isolate entiomerically pure (S)- and (R)-NNAL. Comparison of NNAL glucuronide (Gluc) peaks 

formed in reactions of UGT2B7-, UGT2B17-, UGT1A9-, and UGT2B10-over-expressing cell 

microsomes with pure NNAL enantiomers showed large differences in kinetics for (S)- versus (R)-

NNAL, indicating varying levels of enantiomeric preference for each enzyme. UGT2B17 

preferentially formed (R)-NNAL-O-Gluc and UGT2B7 preferentially formed (S)-NNAL-O-Gluc. 

When human liver microsomes (HLM) were independently incubated with each NNAL 

enantiomer, the ratio of (R)-NNAL-O-Gluc to (S)-NNAL-O-Gluc formation in HLM from 

subjects exhibiting the homozygous deletion UGT2B17 (*2/*2) genotype was significantly lower 

(p=0.012) than HLM from wild-type (*1/*1) subjects. There was a significant trend (p=0.015) 

towards decreased (R)-NNAL-O-Gluc:(S)-NNAL-O-Gluc ratio with increasing numbers of the 

UGT2B17*2 deletion allele. These data demonstrate that variations in the expression or activity of 

specific UGTs may affect individual susceptibility to cancers induced by specific NNAL 

enantiomers.
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Introduction

Tobacco-specific nitrosamines (TSNAs) are an important class of carcinogens present in 

both tobacco smoke and smokeless tobacco products.1–6 The most abundant and potent 

TSNA is 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK).7–11 The major metabolic 

pathway for NNK (Scheme 1) is carbonyl reduction to both the (R)- and (S)- enantiomers of 

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL),12, 13 which, like NNK, are very 

potent carcinogens in rodents.2, 14–16 By analysis of urinary metabolites, it has been 

estimated that 39-100% of NNK is converted to racemic NNAL (rac-NNAL) in cigarette 

smokers.2, 10, 12, 16, 17

The glucuronidation of NNAL is considered to be an important mechanism for NNK 

detoxification.2–4, 12, 18–25 In contrast to the relatively high tumorigenicity exhibited by both 

(R)- and (S)-NNAL, glucuronidated NNAL (NNAL-Gluc) is non-tumorigenic after 

subcutaneous injection into A/J mice.26 It has been shown that NNAL glucuronides are 

formed extensively in human liver microsomes (HLM).20, 27 The NNAL enantiomers and 

their glucuronides can also be detected in the urine of past and current smokers.3, 22–25, 28–32 

It has been found that while (S)-NNAL is stereoselectively retained in rat lung and has a 

higher tumorigenicity than (R)-NNAL, (R)-NNAL exhibits a higher rate of glucuronidation 

in rats33–36 and the A/J mouse.26, 36 However, studies indicate that (S)-NNAL may be 

stereo-selectively retained in smokeless tobacco users37 but exhibits a higher rate of 

glucuronidation in the patas monkey.18

NNAL glucuronidation can occur at both the carbinol group (NNAL-O-

Gluc)2, 12, 18–20, 38–43 and the nitrogen on the pyridine ring (NNAL-N-Gluc).27, 38, 42–44 

Three enzymes, UGT1A9,20, 45 UGT2B720, 45, 46 and UGT2B17,40, 45, 47, 48 were 

previously found to mediate hepatic NNAL-O-Gluc formation in humans, with UGT2B17 

exhibiting the lowest KM in vitro. While both UGTs 1A420, 27, 39, 45, 49 and 2B1044, 45, 49 

mediate NNAL-N-Gluc formation in humans,27, 38, 39, 43, 50, 51 UGT2B10 was shown to 

account for ~95% of total hepatic NNAL-N-Gluc activity ex vivo.49

The variability in the urinary ratios of NNAL-Gluc:NNAL11, 32 and NNAL-O-Gluc:NNAL-

N-Gluc38 from smokers is substantial, suggesting that individuals may differ greatly in their 

ability to detoxify NNK and form different NNAL glucuronides. In addition, variation in the 

levels of NNAL-O-Gluc and NNAL-N-Gluc formation was also observed in ex vivo assays 

performed using HLM specimens.39, 40 This variation was suggested to be, in part, mediated 

by genetic polymorphisms in UGT2B17 and UGT2B10. Previous studies have shown that 
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the prevalent UGT2B17 whole-gene deletion polymorphism [31-33% allelic prevalence in 

Caucasians]48, 52–54 and the UGT2B10 codon 67 Asp>Tyr SNP [9.1% allelic prevalence in 

Caucasians]45, 55 are associated with large variability in hepatic NNAL-O-Gluc and NNAL-

N-Gluc formation activities, respectively.40, 44, 45, 48, 49 In addition, the UGT2B17 gene 

deletion polymorphism was significantly associated with lung cancer risk in women.47 

These data suggest an important role for glucuronidation-mediated detoxification of NNAL 

in tobacco-related cancer risk.

The goal of the present study was to characterize the stereo-selectivity of individual UGT 

enzymes towards individual NNAL enantiomers and determine whether the UGT2B17 
deletion polymorphism is correlated with altered levels of (R)- versus (S)-NNAL-O-Gluc 

formation activity in human liver microsomes (HLM). The results demonstrate that 

UGT2B17 and UGT2B7 exhibit high stereo-selectivity for (R)- and (S)-NNAL, respectively, 

and that there is a significant change in the (R)- to (S)-NNAL-O-Gluc ratio associated with 

the UGT2B17 null genotype in HLM.

Materials and Methods

Chemicals and materials.

rac-NNAL (#M325740) and NNK (#KIT0565) were purchased from Toronto Research 

Chemicals (Toronto, ON, Canada); UDP glucuronic acid (UDPGA), alamethicin, 

kanamycin, chloramphenicol, imidazole, methanol (MeOH) and isopropanol were purchased 

from Sigma (St Louis, MO); Dulbecco’s modified Eagle’s medium, fetal bovine serum 

(FBS), geneticin and penicillin-streptomycin were purchased from Life Technologies 

(Carlsbad, CA); silver stain, isopropyl β-D-1-thiogalactopyranoside (IPTG), bicinchoninic 

acid (BCA), ammonium acetate and formic acid were purchased from Fisher Scientific (Fair 

Lawn, NJ); Luria broth base and Tris-glycine gels (1.0 mm) were purchased from Invitrogen 

(Carlsbad, CA).

Tissues.

A description of the normal human liver tissue microsomes used for the current studies were 

previously described.39 Tissue samples were quick-frozen at −70°C within 2 h post-surgery. 

Liver microsomes were prepared through differential centrifugation as previously 

described56 and stored (2.5-5 mg protein/mL) at −80°C. Microsomal protein concentrations 

were measured using the BCA assay. The UGT2B17 gene deletion analysis was performed 

previously40 utilizing UGT2B17 deletion locations as determined by Wilson et al.53

Cell lines and microsomal preparation.

HEK293 cells overexpressing wild-type UGT1A9, UGT2B7, UGT2B10 and UGT2B17 

have been described previously.20, 57, 58 All HEK293 cell lines were grown to 80% 

confluence in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine 

serum, 100 U/mL penicillin and 100 μg/mL streptomycin, and maintained in 700 μg/mL of 

geneticin for selection of UGT overexpression, in a humidified incubator atmosphere of 5% 

CO2. For the preparation of cell microsomal fractions, cells were suspended in Tris-buffered 

saline (25 mM Tris base, 138 mM NaCl, 2.7 mM KCl; pH 7.4) and subjected to five rounds 
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of freeze/thaw before gentle homogenization. The cell homogenate was centrifuged at 9,000 

g for 30 min at 4°C. The supernatant was then centrifuged at 105,000 g for 60 min at 4°C. 

The microsomal pellet was suspended in Tris-buffered saline and stored in 100 μL aliquots 

at −80°C. Total microsomal protein concentrations were determined using the BCA protein 

assay.

AKR1C1 induction and purification.

Transformation-ready expression plasmids (6X N-term His tag, pQE-T7 vector; Qiagen, 

Venlo, Limburg) with the AKR1C1 gene were introduced to BL21 E. coli. The transformed 

E. coli were grown on kanamycin selection plates for 12 h and screened for plasmid uptake 

by DNA sequencing. AKR1C1-expressing E. coli were incubated on a shaker for 1.75 h at 

37°C in Luria broth (25 μg/μL) containing kanamycin (17 μg/μL) and chloramphenicol (8 

μg/μL). Protein expression was induced with the addition of IPTG (25 mM) and incubated 

while shaking at 37°C for 3 h. The recombinant histidine-tagged protein was purified from 

cell lysate on a Ni-NTA column (Fisher Scientific, #PI-88225). Lysate was loaded onto the 

column in a 1:1 mixture with 10 mM imidazole and washed four times with increasing 

concentrations of imidazole (2 mL; 20 mM, 60 mM, 100 mM, 250 mM), then eluted with 2 

mL of 500 mM imidazole. Eluted protein was then dialyzed in a Slide-A-Lyzer G2 dialysis 

cassette (Fisher Scientific) against PBS for a total of 8 h at 4°C. Purity (>80%) was assessed 

via SDS-PAGE using a 4-20% Tris-Glycine gradient gel and silver staining; protein quantity 

was determined using the BCA assay.

NNK reduction assay.

The NNK reduction assay was adapted from a previously determined method59 using the 

following conditions: AKR1C1 (1 μg) was incubated (50 μL final volume) with 1 mM NNK 

in buffer (0.1 M monopotassium phosphate, 0.4 mM potassium chloride, 0.2 mM 

magnesium chloride; pH 7.4) and NADPH regeneration system (2.5 μL solution A plus 0.5 

μL solution B; Corning, Corning, NY) at 37°C for 1 h. Reactions were terminated by the 

addition of an equal volume of methanol on ice. The precipitate was removed by 

centrifugation and the supernatant was saved for LC-MS analysis.

rac-NNAL separation and collection.

NNAL enantiomer separation was achieved by liquid chromatography (LC) using the 

following system: an Acquity (model BSM) ultra-performance LC (Waters) equipped with 

an automatic injector (model SM) and a UV detector operated at 254 nm (model TUV). LC 

was performed using a Lux 3u Amylose-2 column (150×4.6 mm; Phenomex, #00F-4471-

E0) at 23°C with an isocratic elution of 30% ultra-pure water and 70% 3:1 methanol/

isopropanol at 0.3 mL/min. Peaks 1 and 2 (see Figure 1) were collected from 6.95 to 7.45 

min and 7.50 to 8.20 min, respectively. This method was developed to optimize for (R)- and 

(S)-NNAL enantiomer separation, with the freely-interconverting E/Z NNAL isomerization 

contained within the (R)- and (S)-NNAL peaks.
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NNAL glucuronidation assay.

The rate of (R)- and (S)-NNAL-O-Gluc formation by HLM and UGT over-expressing cell 

microsomes was determined after pre-incubation with alamethicin (50 μg/mg protein) for 10 

min on ice using the following conditions: UGT over-expressing cell microsomes (15-20 μg 

protein) or HLM (10 μg protein) were incubated (10 μL, final volume) in 50 mM Tris-HCl 

(initial pH 7.4), 10 mM MgCl2, 4 mM UDPGA, and each NNAL enantiomer (UGT over-

expressing cell microsomes: 0.5-16 mM; HLM: 4 mM) at 37°C for 1 h; as described 

previously, glucuronidation reactions were rate linear for up to 2 h incubation times.44 

Reactions were terminated by the addition of an equal volume of methanol on ice. The 

precipitate was removed by centrifugation and the supernatant was saved for LC-MS 

analysis. Three individual HLM specimens from each genotype were assayed with each 

individual NNAL enantiomer. Each reaction was run in triplicate.

LC-MS analysis.

LC separation was achieved using an Acquity H class UPLC (Waters) equipped with an auto 

sampler (model FTN). NNAL peaks were analyzed with the same column and isocratic 

method as described above; glucuronide peaks were analyzed with a HSS T3 1.8 μm column 

(2.1×100 mm; Acquity, Waters, Milford, MA) at 30°C with gradient elution at 0.4 mL/min 

using the following conditions: 0.5 min with 99% buffer A (5 mM ammonium acetate with 

0.01% formic acid) and 1% buffer B (100% MeOH), followed by a linear gradient for 3.0 

min to 20% buffer B, and a subsequent linear gradient for 1.0 min to 95% buffer B. The 

column was washed with a 1.0 min linear gradient to 1% buffer B and regenerated for 1.0 

min in 1% buffer B.

The Waters Xevo TQD tandem mass spectrometer was equipped with a Zspray electrospray 

ionization interface operated in the positive ion mode, with capillary voltage at 0.6 kV. 

Nitrogen was used as both the cone gas and desolvation gas at 50 and 800 L/hr, respectively. 

Ultra-pure argon was used for collision-induced dissociation. The desolvation temperature 

and the ion source temperature were 500°C. For the detection of NNAL enantiomers and 

NNAL-Glucs, the mass spectrometer was operated in the multiple reaction monitoring mode 

(MRM). The ion related parameters for each transition were monitored as follows: NNAL, 

MS transition of 210.124>180.124 with cone voltage and collision energy at 30 and 10 V, 

respectively; NNAL-N-Gluc, MS transition of 386.16>180.115 with cone voltage and 

collision energy at 15 and 20 V, respectively; NNAL-O-Gluc, MS transition of 

386.16>162.115 with the cone voltage and collision energy each at 15 V. The MS transitions 

and LC retention times for each molecule were compared to purchased NNAL, NNAL-O-

Gluc and NNAL-N-Gluc standards (Toronto Research Chemicals) for each metabolite. 

Reaction rates were calculated comparing the ratio of peak areas for NNAL-O-Gluc and 

NNAL-N-Gluc to the peak areas of deuterated NNAL-O-Gluc and NNAL-N-Gluc internal 

standards (kind gifts from Shantu Amin; Penn State University, Hershey, PA) and quantified 

against a standard curve made from purchased NNAL-O-Gluc (Toronto Research 

Chemicals).
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Statistical analysis.

The Student’s t-test was used to compare the ratio of (R)- to (S)- NNAL-O-Gluc in subjects 

with UGT2B17 null (*2/*2) genotype versus subjects with the UGT2B17 (*1/*1) genotype. 

The linear trend test was used to examine the ratio of (R)- to (S)- NNAL-O-Gluc in HLM 

with decreasing copies of the UGT2B17 alleles. Kinetic constants were determined and 

statistical analysis were performed using Prism version 6.01 (GraphPad Softwear, San 

Diego, CA).

Results

To separate the individual NNAL enantiomers, a LC chiral separation method was developed 

using purchased (Toronto Research Chemicals) rac-NNAL (Figure 1, panel A). This method 

produced two distinct peaks, peak 1 (retention time of approximately 7.25 min) and peak 2 

(retention time of approximately 7.85 min). Both peaks were collected and examined for 

purity using the same UV-monitored LC method (Figure 1, panels B and C); NNAL 

enantiomers corresponding to the respective peaks were collected with an enantiomeric 

purity of >99%.

AKR1C1 was previously shown to be selective for the formation of (S)-NNAL.59–61 To 

examine which of the peaks observed by LC separation corresponded to the (S)- versus (R)-

NNAL enantiomers, peaks 1 and 2 were compared to the product of an AKR1C1-mediated 

NNK reduction assay as described in the Materials and Methods. The identity of the peaks 

were verified by the MRM transitions and confirmed by comparison to the purchased rac-

NNAL standard (Toronto Research Chemicals). The AKR1C1 (S)-NNAL peak was 

observed at 6.50-7.30 min (Figure 1, panel D), and was identical to that observed for peak 1 

(Figure 1, panel E), indicating that peak 1 is (S)-NNAL. Since peak 2 was observed at a 

different retention time (7.10-7.95 min), this suggests that peak 2 corresponds to (R)-NNAL 

(Figure 1, panel F).

Previous studies have shown that the UGTs 2B7,20, 39, 40, 45, 46, 49 2B17,40, 45, 47–49 

1A920, 45, 49 and 2B10,44, 45, 49 are the major enzymes responsible for the hepatic 

glucuronidation of NNAL. To determine whether any or all of these enzymes exhibit stereo-

selectivity against the individual NNAL enantiomers, the activity of each UGT was 

examined using microsomes from UGT over-expressing cells against (R)- and (S)-NNAL 

collected as described above. Using a LC-MS method developed to separate the O-Glucs of 

the (S)- versus (R)-NNAL enantiomers, UGT2B7 was shown to preferentially form the O-

Gluc of (S)-NNAL while UGT2B17 preferentially forms the O-Gluc of (R)-NNAL (Figure 

2). Representative plots of glucuronidation rate versus substrate concentration for individual 

UGT enzymes against (R)- versus (S)-NNAL are shown in Figure 3. The Vmax/KM for 

UGT2B7 was 30-fold higher for (S)-NNAL as compared to (R)-NNAL (Table 1) and 

exhibited a KM that was >1.5-fold lower than the other UGTs for (S)-NNAL. In contrast, the 

Vmax/KM for UGT2B17 for (S)-NNAL was 12-fold lower as compared to (R)-NNAL while 

exhibiting a KM > 5.6-fold lower than any other UGT for (R)-NNAL. By comparison, while 

UGT1A9 exhibited a relatively high KM (>8 mM) against both (S)- and (R)-NNAL, 

UGT1A9 does not appear to exhibit the same level of stereo-specificity as the other O-
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glucuronidating enzymes (Figure 2), with a Vmax/KM for (S)-NNAL that was 1.8-fold higher 

than that observed for (R)-NNAL (Table 1).

While the individual (R)- and (S)-NNAL-N-Glucs could not be separated using this LC-MS 

method, NNAL-N-Gluc (retention time = 2.30-2.90 min) was separated from the NNAL-O-

Gluc peaks (retention times = 3.20 – 4.00 min; Figure 2). Similar to that observed for 

UGT1A9 (which forms NNAL-O-Gluc), the NNAL-N-Gluc forming UGT2B10 does not 

appear to exhibit the same level of stereo-specificity as the O-Gluc forming UGTs 2B7 and 

2B17 against the (R)- and (S)-NNAL enantiomers, with a Vmax/KM ratio for (S)-NNAL:(R)-

NNAL of 0.49 (Table 1).

The UGT2B17 deletion polymorphism has previously been shown to be significantly 

associated with decreased NNAL-O-Gluc formation in HLM.40, 47, 48 To determine whether 

UGT2B17 genotype affects the stereo-selectivity of HLM glucuronidation activities against 

(R) versus (S)-NNAL enantiomers, HLMs from subjects exhibiting either the (*1/*1), 

(*1/*2) and (*2/*2) genotypes were examined. While there was some individual differences 

in the total levels of NNAL-O-Gluc formation in the individual HLMs within genotype 

groups (Table 2), the ratio of (R)-NNAL-O-Gluc to (S)-NNAL-O-Gluc formation in HLM 

from (*2/*2) subjects was significantly lower (p=0.012) than HLM from (*1/*1) subjects 

(Figure 4). There was a significant trend (p=0.015) towards decreased (R)-NNAL-O-Gluc:

(S)-NNAL-O-Gluc ratio with increasing numbers of the UGT2B17*2 allele.

Discussion

In the present study, UGT2B7 exhibited the highest stereo-specificity of all of the NNAL 

glucuronidating UGTs, with a Vmax/KM that was 30-fold higher for (S)-NNAL as compared 

to (R)-NNAL, suggesting that UGT2B7 is relatively selective for the O-Gluc formation of 

(S)-NNAL. No detectable (R)-NNAL-O-Gluc formation was observed in assays with rac-

NNAL for UGT2B7 until the substrate concentration approached the KM towards rac-

NNAL,20 and the KM of UGT2B7 against enantiomerically pure (R)-NNAL was >50 mM, 

suggesting that UGT2B7 is unlikely to contribute to (R)-NNAL-O -Gluc formation in vivo. 

The KM exhibited for UGT2B7 against (S)-NNAL was similar to that observed for UGTs 

2B17 and 2B10 and 3.2-fold lower than that observed for UGT1A9, suggesting that multiple 

UGTs may be involved in (S)-NNAL-Gluc formation in different human tissues. However, 

the hepatic expression of UGT2B7 appears to be higher than other NNAL-glucuronidating 

UGTs,62, 63 this suggests that hepatic (S)-NNAL-Gluc formation is largely mediated by 

UGT2B7.

UGT2B17 exhibited high O-glucuronidation activity towards (R)-NNAL, with a KM that 

was >5.6-fold lower than any other UGT. In addition, the ratio of (R)- to (S)-NNAL-O-Gluc 

formation significantly decreased in HLM from subjects with increasing numbers of the 

UGT2B17 gene deletion allele. The ratio of (R)- to (S)-NNAL-O-Gluc formation decreased 

in HLM from subjects with the UGT2B17 (*2/*2) genotype by 5.5-fold as compared to 

HLM from subjects with the wild-type UGT2B17 (*1/*1) genotype, suggesting that 

UGT2B17 is the major enzyme involved in hepatic (R)-NNAL-O-Gluc formation.
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While stereo-specificity was not extensively observed for UGT2B10 against NNAL 

enantiomers, the data are consistent with previous studies indicating that hepatic NNAL-N-

Gluc formation is generally less prominent than hepatic NNAL-O-Gluc formation:27, 39, 44 

(1) (S)-NNAL-O-Gluc was the major NNAL-O-Gluc form in HLM irrespective of 

UGT2B17 genotype in the present study; (2) while the KM observed for UGT2B10 against 

(S)-NNAL in the present study was comparable to that observed for UGT2B7 (1.5-fold 

higher), previous studies indicate that its expression in human liver appears to be 4- to 15-

fold lower than UGT2B7;62, 63 and (3) previous studies have consistently demonstrated that 

the mean levels of urinary NNAL-O-Gluc is higher than urinary NNAL-N-Gluc in smokers.
21, 27, 32 Given the low KM’s observed for UGT1A9 forming the O-Gluc of either the (S) or 

(R)-NNAL enantiomers, the present studies are also consistent with previous studies20 

demonstrating that UGT1A9 plays only a minor role in NNAL glucuronidation.

(S)-NNAL-O-Gluc comprised at least 60% of the total NNAL-O-Gluc in HLM in the 

present study. These data are consistent with previous studies demonstrating that (S)-NNAL-

Gluc is the major excreted form of NNAL-Gluc in humans, accounting for 68% of the 

NNAL-Gluc formed in current smokers23 and was nearly 3 times the amount of the (R)-

NNAL-Gluc metabolite in smokeless tobacco product users.37

Previous studies indicate that the expression of UGT2B17 is roughly 10-fold higher in lung 

and significantly higher in tissues of the aerodigestive tract including larynx, tonsil, tongue 

and esophagus62 as compared to the expression of UGTs 2B7 and 2B10. Therefore, the 

glucuronidation of (R)-NNAL may play a relatively more important role in NNAL 

detoxification in tobacco target tissues than what might be observed hepatically. This 

possibility is consistent with the fact that (R)-NNAL is the major enantiomer of NNAL 

formed in both lung microsomes and homogenates in vitro (unpublished results), a pattern 

not observed for hepatic fractions. Direct assessment of (R)-NNAL vs (S)-NNAL 

glucuronidation rates in lung tissue and aerodigestive tract tissues will be required to better 

assess this important possibility.

In summary, this study is the first to identify the UGTs responsible for the glucuronidation 

for individual NNAL enantiomers, with both UGTs 2B7 and 2B17 exhibiting high stereo-

specificity. More comprehensive studies examining how changes in the expression or 

activity of these enzymes affect the production of NNAL glucuronide enantiomers will be 

required to better determine the potential impact of such changes on cancer susceptibility.
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NNK 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone

NNAL 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol

rac-NNAL racemic NNAL

NNAL-Gluc glucuronidated NNAL

HLM human liver microsomes
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Figure 1. rac-NNAL separation and NNAL enantiomer analysis.
Panels A-C, rac-NNAL was separated by an isocratic method as described in the Materials 

and Methods and monitored by UV at 254 nm using LC (right panels). (A), rac-NNAL; (B), 

enantiomerically pure peak 1 collected from panel A; and (C), enantiomerically pure peak 2 

collected from panel A. Panels D-G, LC-MS analysis of NNAL enantiomers. (D), AKR1C1-

generated (S)-NNAL; (E), LC-collected peak 1 from panel A; (F) LC-collected peak 2 from 

panel A; and, (G) rac-NNAL. For panel D, AKR1C1 (1 μg total protein; >80% purity) was 

incubated at 37°C for 1 h with 1 mM NNK and NADPH regeneration system, and LC-MS 
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was performed as described in the Materials and Methods. The E and Z isomers of (R)- and 

(S)-NNAL were not separated using this LC procedure.
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Figure 2. Representative traces of LC-MS analysis of (S)-NNAL-O-Gluc, (R)-NNAL-O-Gluc, and 
NNAL-N-Gluc formation by UGT-overexpressing cell microsomes.
Microsomes (15-20 μg total protein) were incubated at 37 °C for 1 h with UDPGA ( 4 mM) 

and either rac-NNAL, (S)-NNAL, or (R)-NNAL as described in the Materials and Methods. 

Concentrations at or near the KM of each substrate shown as follows, listed from left to 

right: rac-NNAL, 4 mM, 2 mM, 16 mM, 4 mM; (R)-NNAL, 16 mM, 1 mM, 16 mM, 8 mM; 

(S)-NNAL, 1 mM, 8 mM, 16 mM, 4 mM . The E and Z isomers of (R)- and (S)-NNAL-O-

Gluc and (R)- and (S)-NNAL-N-Gluc were not separated using this LC procedure. Absolute 

peak values are listed above each intensity scale on the y-axis.
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Figure 3. Concentration curves and kinetic analysis for (R)-NNAL- and (S)-NNAL-Gluc 
formation with microsomes from UGT2B7, UGT2B17, UGT1A9 and UGT2B10 overexpressing 
cells.
Glucuronide formation assays were performed at 37 °C for 1 h using 15-20 μg total UGT-

overexpressing cell microsomal protein as described in the Materials and Methods. Rate, 

Vmax and Vmax/KM values are expressed per mg of total protein. Representative curves are 

shown and kinetic analysis was performed in three independent experiments.
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Figure 4. The (R)-NNAL-O-Gluc to (S)-NNAL-O-Gluc ratio in HLM stratified by UGT2B17 
genotype.
HLM (10 μg total protein) were incubated at 37 °C for 1 h with UDPGA and 4 mM (R)- and 

(S)-NNAL as described in the Materials and Methods. Columns represent the mean ± SD of 

three HLM specimens from different subjects for each of the three UGT2B17 genotype 

groups (indicated within the bars within the figure). *1 refers to the wild-type UGT2B17 

allele, *2 refers to the UGT2B17 gene deletion allele. * p=0.012.
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Scheme 1. 
Simplified schematic of NNK metabolism to each NNAL-Gluc regioisomer and 

diastereomer.
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Table 1.

Kinetics of UGT metabolism of (R)- versus (S)-NNAL.
a

TSNA enzyme Vmax
b
(pmol/mg protein/min) KM (mM) Vmax/KM

b
 (nL/min/mg protein)

(R)–NNAL

UGT2B7 3.1 ± 1.5 51 ± 9.6 0.06

UGT2B17 3.0 ± 2.3 1.8 ± 0.47 1.7

UGT1A9 13 ± 9.8 13 ± 4.5 1.0

UGT2B10 8.0 ± 3.1 9.8 ± 4.1 0.81

(S)–NNAL

UGT2B7 4.8 ± 2.3 2.7 ± 1.7 1.8

UGT2B17 0.54 ± 0.26 4.0 ± 1.9 0.14

UGT1A9 16 ± 14 8.7 ± 2.0 1.8

UGT2B10 1.6 ± 0.27 4.1 ± 1.2 0.40

a
Data are expressed as the mean ± SD of three independent experiments.

b
Units are expressed per mg total microsomal protein.
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