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Abstract
Objectives—Previous work defined two flavin-containing monooxygenase 2 (FMO2) alleles. The
major allele, FMO2*2 (g.23,238C> T), encodes truncated inactive protein (p.X472) whereas the
minor allele, FMO2*1, present in African- and Hispanic-American populations, encodes active
protein (p.Q472). Recently, four common (27 to 51% incidence) FMO2 single nucleotide
polymorphisms (SNPs) were detected in African-Americans (N= 50); they encode the following
protein variants: p.71Ddup, p.V113fs, p.S195L and p.N413 K. Our objectives were to: (1) determine
the incidence of these SNPs in 29 Hispanic individuals previously genotyped as g.23,238C (p.Q472)
and 124 previously genotyped as homozygous g.23,238 T (p.X472); (2) determine FMO2 haplotypes
in this population; and (3) assess the functional impact of SNPs in expressed proteins.

Methods—SNPs were detected via allele-specific oligonucleotide amplification coupled with real-
time or electrophoretic product detection, or single strand conformation polymorphism.

Results—The g.7,700_7,702dupGAC SNP (p.71Ddup) was absent. The remaining SNPs were
present but, except for g.13,732C > T (p.S195L), were less common in the current Hispanic study
population versus the previously described African-Americans. Only expressed p.N413K was as
active as p.Q472, as determined by methimazole- and ethylenethiourea-dependent oxidation.
Haplotype determination demonstrated that the g.10,951delG (p.V113fs), g.13,732C > T (p.S195L)
and g.22,060T >G (p.N413 K) variants segregated with g.23,238C> T (p.X472).

Conclusions—SNPs would not alter FMO2 activity in individuals possessing at least one
FMO2*1 allele. It is likely that these SNPs will segregate similarly in African-American populations.
Therefore, estimates that 26% of African-Americans and 2–7% of Hispanic- Americans have at least
one FMO2*1 allele should closely reflect the percentages producing active FMO2 protein.
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Introduction
Flavin-containing monooxygenase (FMO) metabolizes a wide range of drugs and xenobiotics,
as well as some endogenous substrates [1,2]. FMO contains a single flavin adenine dinucleotide
(FAD), which following reduction by reduced nicotinamide adenine dinucleotide phosphate
(NADPH) and reaction with oxygen, forms a stable C4a-peroxyflavin (FADOOH)
intermediate. The FADOOH reacts with any soft nucleophile gaining access to the flavin. Most
substrates characterized to date contain a sulfur or nitrogen susceptible to oxidation.
Endogenous substrates include cysteamine, lipoic acid, trimethylamine and biogenic amines.
FMO metabolizes many of the same drugs as the cytochrome P450 (CYP) monooxygenase
system, but in many cases the products are distinct (e.g., tertiary amines are N-dealkylated by
CYP and N-oxygenated by FMO) [3]. Examples of drugs for which FMO-dependent N-
oxygenation plays a major role in metabolism include chlor- and bromo-pheniramine,
zimeldine, ranitidine, benzydamine, olopatadine, xanomeline, pargyline and itopride. Sulfur-
containing drugs for which FMO plays a major role in metabolism include cimetidine,
albendazole, sulindac sulfide, methimazole and ethionamide [4].

Eleven distinct FMO genes exist in humans, encoding five active enzymes (FMO1–5) and six
pseudogenes [5–7]. FMO2 is not expressed in significant amounts in liver and although
mammalian FMO2 is expressed in a number of extrahepatic tissues, including kidney, nasal
mucosa and intestine, it is not the predominant FMO isoform in these tissues [8–10]. However,
FMO2 is the major isoform expressed in human lung [11,12] and if gene expression studies
are correct may also be the predominant heart FMO isoform in humans [13].

Compared to the CYPs, there are few examples of FMOmediated adverse drug–drug
interactions or genetic polymorphisms impacting drug or toxicant disposition. This is due in
part to the fewer number of FMO enzymes involved in drug metabolism (FMOs 1, 2 and 3)
and in part to the fact that FMO activity is not inducible and predominantly produces non-toxic
metabolites [14].

A genetic polymorphism (g.23,238C>T) (dbSNP# rs6661174) in FMO2 exon 9, present in all
Caucasians and Asians genotyped to date [11,15], converts a glutamine to a stop codon,
p.Q472X. This change produces a non-functional truncated FMO2.2 protein from the
FMO2*2 allele [11,12]. The FMO2*1 allele (p.Q472) encodes a full-length functional FMO2.1
enzyme. FMO2*1 is present in individuals from African (26%) and Hispanic (2 to 7%)
populations [11,15–18]. A second documented SNP present in exon 9, g.23,412dupT
(p.C530fs#rs2234889), appears to always segregate with the g.23,238C>T variant and as such,
has no functional impact [11,15,16,18].

Human FMO2 (Genbank sequence AL021026) spans approximately 25.3 kb of genomic DNA.
The translated coding sequence (from p.M1_X536) begins in exon 2 and extends through part
of exon 9, encompassing 93% of the genomic distance. While most genotyping studies have
focused on the variant already described in exon 9, recent single strand conformation
polymorphism (SSCP) studies of DNA from 50 African-American individuals reported a
number of previously unidentified FMO2 variants [17]. Of these, the most common (allele
frequency of ≥ 27%) polymorphisms encode p.71Ddup (g.7,700_7,702dupGAC), p.V113fs
(g.10,951delG), p.S195L (g.13,732C>T; dbSNP#rs2020862) and p.N413K (g.22,060T>G;
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dbSNP#rs2020865), present in exons 3, 4, 5 and 8, respectively. Whether these polymorphisms
segregated with the previously defined FMO2*2 variant was not determined, nor was their
catalytic activity determined in a protein expression system.

The present study extends our genotyping results for the FMO2*1 allele in Hispanic-Americans
[16,18] to the common single nucleotide polymorphisms (SNPs) reported by Furnes et al.
[17], and reports the initial characterization of mutant proteins produced by baculovirus
infection of Sf9, Spodoptera frugiperda, cells. We have developed mutation screening
procedures for SNP detection that combine single-tube allele-specific polymerase chain
reaction (PCR) amplification [19] with either real-time SYBR green discrimination of
allelespecific products by their respective melting temperatures (Tm) [20] or by electrophoretic
discrimination based on allele-specific product size. SSCP detection was utilized when we
were unable to develop successful allele-specific primers. Of the expressed SNP proteins, only
p.N413 K was as active as FMO2.1; however, haplotype analysis indicated segregation of the
variants with the previously described g.23,238C>T FMO2*2 allele. As such, they will have
a minimal impact on existing estimates for the occurrence of individuals producing active
FMO2 protein.

Materials and methods
Subjects and sample collection

Genomic DNA used for genotyping studies was obtained, without identifiers, from four
sources. Hispanic samples were obtained as donor organs (n=1) (Tissue Transformation
Technologies, Edison, New Jersey, USA), from living donors as blood (n=4) [21] or DNA
(n=148) (Genomics Collaborative, Inc. (Cambridge, Massachusetts, USA) and from subjects
who are participants in the New York Cancer Project [22], Academic Medicine Development
Corporation, New York, New York, USA). Ethnicity was self-reported by living donors and
included one Honduran, four Mexicans and 147 Puerto Ricans. The single organ donor in the
study was a Hispanic of unknown country of origin. The appropriate Institutional Review
Boards approved studies prior to initiation of experiments. Informed consent was obtained for
all study subjects. DNA was isolated from donor samples as described elsewhere [16,21]. DNA
was available from several African-American individuals studied previously [12,15,16] and
was used for methods development. All Hispanic individuals in this study are a subset of
individuals utilized in previous studies [16,18]; subjects included one FMO2*1/*1 individual
(Puerto Rican ancestry), 28 FMO2*1/*2 individuals (one Honduran, four Mexican, 22 Puerto
Rican and one of unknown Hispanic ancestry), and 124 FMO2*2/*2 individuals (Puerto Rican
ancestry).

Primers and PCR
Primers were designed with the aid of Oligo 6.0. design software (Molecular Biology Insights,
Cascade, Colorado, USA) and were synthesized by Invitrogen (Carlsbad, California, USA).
Primers were used for cloning and mutagenesis (Table 1) and for genotyping (Table 2). Primers
were designed to reclone FMO2*1 and FMO2*2 cDNA from pFastBac1 [12] into pENTR/SD/
D-TOPO(Invitrogen) using topoisomerase mediated directional cloning. Pfu turbo (Stratagene,
La Jolla, California, USA) was used to amplify the cDNA under the following conditions: 1×
Pfu buffer; 1.0 unit Pfu Turbo; 2.0mM magnesium; 0.2mM each dNTP; 0.2 μM each hF2–33 and
hF2–18r primer; and 5 ng cDNA template in a reaction volume of 20 μl. A 30-cycle PCR
program was used: 1min at 95°C; 1min at 60°C; 2 min 15 s at 72°C. The resulting FMO2*1
vector (pENTR·hF2.1) was the template for synthesis of individual mutations. QuikChange
mutagenesis (Stratagene) was used following the manufacturer’s recommendations with the
primer pairs indicated in Table 1; the annealing temperature was 55°C for all of the mutagenesis
reactions. The fidelity of the resulting plasmid constructs (pENTR·hF2.1, pENTR·hF2.2,
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pENTR·71Ddup, pENTR·V113fs, pENTR·S195L and pENTR·N413 K) was verified by DNA
sequence analysis performed by the Central Services Laboratory (Oregon State University)
using BigDye chemistry (Applied Biosystems, Foster City, California, USA).

Long PCR was used to separate variant polymorphisms to their source chromosomes for
haplotype analysis. Primers, hF2–98 and hF2–99r, were designed to clone genomic DNA
encompassing segregating polymorphisms into pSMART-LC (Lucigen, Middleton,
Wisconsin, USA); these primers were purchased 5′ phosphorylated. The 12.8 kb genomic DNA
insert was amplified using Herculase hotstart polymerase (Stratagene) in a 75 μl reaction
containing: 1 × Herculase buffer; 3.75 units Herculase; 500 μM each dNTP; 1%
dimethylsulfoxide; 0.5 μM of each phosphorylated primer; and 375 ng genomic DNA. PCR was
performed in a PTC-100 thermocycler (MJ Research, Waltham, Massachusetts, USA) for 10
cycles: 10 s at 92°C; 30 s at 65°C; 13 min at 68°C, and was followed by 25 cycles with the
extension time increased to 14 min 36 s. After electrophoretic fractionation, the PCR product
was isolated from a 0.8% agarose, 1 × TAE gel (40mM Tris acetate, 2mM

ethylenediaminetetraacetic acid, EDTA), purified with a Zymoclean gel DNA recovery kit
(Zymo Research, Orange, California, USA) and quantitated by spectrofluorometery in the
presence of picogreen (Invitrogen) before ligation with linearized pSMART-LC. DNA from
the ligation reaction was used to transform electrocompetent Escherichia coli (Lucigen) using
a BioRad Gene Pulser Xcell electroporator (Hercules, California, USA). Cells and DNA were
placed in a 1.0mm cuvette and pulsed at 10 μF, 600ω and 1800 V; a time constant was not
preset but typically ranged from 3.5 to 4.5 ms. Isolated DNA from the pSMART-LC clones
was used as a template in genotyping reactions.

Primers for genotyping (Table 2) were designed to allow allelic discrimination by SSCP
detection from a PCR product produced from common primers (g.10,951delG, p.V113fs),
while allele-specific oligonucleotides (ASOs) were designed [23] for direct detection by real-
time analysis in the presence of SYBR green [20] (g.7,700_7,702dupGAC, p.71Ddup and g.
13,732C>T, p.S195L) or UV detection of ethidium bromide stained DNA after SDS-PAGE
[19] (g.22,060T>G, p.N413 K).

PCR reactions were performed with either DyNAmo SYBR Green qPCR kit from Finnzymes
Oy (Espoo, Finland) or with Platinum SYBR Green qPCR SuperMix UDG from Invitrogen.
The volume was 20 μl, half of which was provided by the respective 2× master mix stocks
containing everything except primers and template. The concentration of each primer in
reactions performed with the DyNAmo enzyme was 0.3 μM, but was reduced to 0.2 μM in
reactions performed with the Platinum enzyme mixture as recommended by the respective
manufacturers. The template concentration was either 0.1 pg plasmid DNA, 20 ng genomic
DNA or a combination of 0.1 pg plasmid DNA plus 20 ng genomic DNA. Controls without
DNA were included to identify possible contaminants in the reaction mixture and primer–
dimers. The heterozygous state was simulated for each mutation by combining equivalent
quantities of either the cloned cDNA versions of the g.23,238C (p.Q472) allele and the
synthesized mutant or reference genomic DNA (from the same individual from which the
pENTR·hF2.1 cDNA clone was derived) and synthesized mutant DNA.

Real-Time PCR was performed and data analyzed with a DNA Engine Opticon 2 System from
MJ Research. The g.7,700_7,702dupGAC (p.71Ddup) and g.10,951delG (p.V113fs) SNP
detection was performed subsequent to DNA amplification with DyNAmo using an initial
denaturation cycle at 95°C for 10 min. This was followed by 35 cycles denaturation at 94°C
for 10 s, annealing at 54°C for 20 s and extension at 72°C for 10 s. The final cycle included
extension at 72°C for 7 min, melting curve analysis from 60 to 95°C in 0.2°C increments and
a final reannealing step at 72°C for 10 min. The same program was used to amplify the template
containing the g.22,060T>G (p.N413 K) SNP with DyNAmo; however, the annealing
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temperature was reduced to 46°C and the cycle number was reduced from 35 to 30. The g.
13,732C>T (p.S195L) SNP detection was performed by amplification using the Platinum
enzyme mixture. The amplification and analysis cycles were identical to that for the g.
7,700_7,702dupGAC and g.10,951delG variants, except that the initial cycle involved
incubating at 50°C for 2 min to allow uracil-DNA glycosylase to function, and then at 95°C
for 2 min to denature the template, inactivate the uracil-DNA glycosylase and activate the hot
start polymerase. As part of methods development and confirmation of real-time results,
electrophoretic resolution of PCR products from control reactions and select genomic samples
was performed using 6% polyacrylamide gels (Invitrogen) in 1 × TBE buffer (89mM Tris base,
89mM boric acid, 2mM EDTA), with detection by UV-transillumination after staining with
ethidium bromide.

SSCP analysis
SSCP was performed by electrophoresis of denatured PCR products (6 ng/well) amplified from
common forward and reverse primers using GeneGel Excel 12.5/24 gels in a GenePhor
electrophoresis unit. Electrophoresis was performed at 15°C with settings of 300 V, 15W and
25mA, until the dye front reached the anode (ca. 2 h). DNA was detected with the PlusOne
DNA Silver staining kit. All SSCP steps were performed with products from Amersham
Biosciences (Piscataway, New Jersey, USA) following the manufacturer’s recommendations.

Haplotype determination
Long PCR products, generated and cloned as described above from FMO2*1/*2 (g.
23,238C>T) heterozygotes and one or more additional segregating SNPs, were utilized for
haplotype determination. Plasmid DNA was isolated and utilized as template in genotyping
reactions as described above; conditions were not altered except that the template concentration
was 1.0 pg plasmid DNA in a 20 μl reaction.

Inferred haplotypes were estimated from genotype information determined from all of the
Hispanic samples utilized in the study. A web-based (http://archimedes.well.ox.ac.uk/pise/)
version of PHASE software (version 2.0.2) [24,25] was used to model the unphased haplotypes.
The PHASE settings were MR (model allows recombination), 100 iterations, a thinning interval
of 1, and a burn-in of 100.

Ethnic differences in the occurrence of SNPs
A comparison of the allelic frequency of each SNP was made with the data from the Hispanic-
American population from this study and the published results obtained for the same SNPs
within an African-American population [17]. To enable direct comparisons of the ethnic
groups, an assumption was made that all variant SNPs observed in each of the study populations
occurred in association with the previously defined FMO2*2 variant. This reduced the number
of Hispanic alleles from 306 to 276, and the number of African alleles from 100 to 89.
Genotyping results for each SNP were expressed as frequency in the FMO2*2 population. SNP
occurrences between groups were compared using the Pearson Chi-square test with exact
(permutation) P-values generated by StatXact version 6.1 (Copyright 2003, Cytel Software
Corp., Cambridge, Massachusetts, USA). Ninety-five percent confidence intervals (Clopper–
Pearson binomial) were calculated based on the assumption that each sample approximates a
simple random sample from the Hispanic or African-American population.

Protein expression and evaluation
The pENTR clones were used to produce baculovirus, which were in turn used to generate
recombinant proteins. All procedures were as recommended by Invitrogen. Plasmid DNA was
integrated with BaculoDirect linear DNA by LR-mediated clonase recombination. The
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resulting DNA was combined with Cellfectin reagent for lipid-mediated transfection of Sf9
cells and production of primary virus. Recombinant virus was amplified to yield tertiary or
quaternary virus stocks. These stocks were used to infect Sf9 cells (2 × 106 cells/ml Sf900II
SFM). FAD was added to the media (10 μg/ml) to ensure that cofactor levels would not be
limiting during protein production. Microsomes were prepared from cells harvested 96 hr post-
infection [12] and protein concentrations determined by the Bradford method [26]. The FAD
content was determined by an HPLC based method already described [27]. The FMO content
was estimated based on results from FAD analysis and was compared with estimates from
detection by western analysis with rabbit anti-monkey FMO2 antibody [28] to confirm protein
production and check for possible disruption of FAD binding by mutant proteins.

Preliminary assays were performed to determine the capacity of the expressed proteins for
carrying out Soxidation reactions using a Cary 300 Bio UV-Visible double beam
spectrophotometer as previously described [12]. Two batches of each protein were assayed.
All samples were initially assessed by the methimazole assay [29] performed in tricine buffer
(100mM tricine, pH 9.5; 1.0mM EDTA) with a final substrate concentration of 2.0mM.
Microsomal protein concentrations ranged from 40 to 1000 μg/ml, depending on the level of
activity detected. FMO2 methimazole-dependent S-oxidation specific activity was calculated
using the FMO content determined with the FAD assay. When substantial methimazole-
dependent activity was measurable, we also tested substrate-dependent NADPH oxidation of
ethylenethiourea. Activity was determined in tricine buffer as noted, with an ethylenethiourea
concentration of 75 μM using 80 to 100 μg of protein/ml. Additional testing was performed
using four concentrations of ethylenethiourea ranging from 10 to 75 μM to permit calculation
of kinetic parameters estimated from Lineweaver–Burk and Eadie–Hofstee plots. Enzyme
activity of the mutant proteins was compared with p.Q472 (N=2 for each protein) using a simple
t-test; however, because of the small sample size, assumptions of the t-test (e.g., normal data,
equality of variance) were not assessed.

Results
Genotyping procedures

We developed genotyping procedures for the common polymorphisms using cloned
FMO2*1 (reference sequence) cDNA and the appropriate synthetic mutant cDNA created from
FMO2*1 cDNA. Thermocycling and detection conditions were tested using reference, mutant
and pooled cDNAs to simulate the respective genomic homozygous and heterozygous
genotypes. Because our only source of control DNA was the mutant cDNA constructs that we
created, all primers were designed to anneal with DNA from the relevant exon. It was desirable
to use ASOs coupled with real-time product detection in the presence of SYBR green for all
of the polymorphisms, because, after methods validation, we could restrict our genotyping
procedure to PCR with melting curve analysis and eliminate the need for subsequent
electrophoretic product detection. We were able to develop procedures that could clearly
differentiate the reference sequence from the respective cDNAs representing the g.
7,700_7,702dupGAC (p.71Ddup), g.13,732C>T (p.S195L) and g.22,060T>G (p.N413 K)
variants. When genomic DNA was used, real-time detection and electrophoresis worked
equally well to distinguish products for the g.7,700_7,702dupGAC (p.71Ddup) (Fig. 1) and g.
13,732C>T (p.S195L) loci (Fig. 2). However, the primers utilized for the g.22,060T>G
(p.N413 K) variant also amplified additional DNA fragments that interfered with real-time
detection and made electrophoretic assessment ambiguous (not shown). Because the two ASOs
had good specificity with regard to distinguishing the underlying nucleotide change, we used
sequential two-primer PCR amplification with either the allele-specific mutant primer or the
allele-specific non-mutant primer and common forward primer (Table 2) followed by
electrophoretic fractionation to screen for the underlying nucleotide (Fig. 3a and b).
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One variant, g.10,951delG (p.V113fs) was not amenable to detection with ASOs as we were
unable to develop primers with the required specificity (not shown). As an alternative we
designed common forward and reverse primers to generate products that could be screened by
SSCP. We amplified and tested a 120-bp product, and demonstrated ready separation of the g.
10,951delG (p.X113) from g.10,951G (p.V113) variants by SSCP (Fig. 4).

Occurrence of polymorphisms
Previous genotyping studies of FMO2 from 632 Hispanic-Americans [16,18] identified 32
individuals with at least one FMO2*1 allele. We had sufficient DNA from 28 of the 31
FMO2*1/*2 individuals and one FMO2*1/*1 individual to genotype samples for the four most
common polymorphisms identified in a population of 50 African-Americans [17]. Twenty-one
of these individuals (72.4%) did not have any of the examined sequence variants (Table 3) and
would be expected to produce active FMO2.1 protein. The remaining eight individuals (27.6%)
were all heterozygotes for the g.13,732C>T (p.S195L) SNP. Three of the eight g.13,732C>T
(p.S195L) heterozygotes (10.3%) were also heterozygous for two additional polymorphisms;
however, the g.7,700_7,702dupGAC (p.71Ddup) polymorphism was not present in the tested
Hispanic population.

We also genotyped 124 Puerto Rican-American individuals that were homozygous for the
previously defined FMO2*2 allele (g.23,238C>T). Although none of these individuals would
be capable of producing functional FMO2.1 protein, the unphased genotyping data is useful
for phase estimation. Only 30.6% of the FMO2*2 homozygotes had none of the additional
studied SNPs (Table 3). The SNP encoding p.S195L (g.13,732C>T) was present in 66.9% of
the individuals and was present on both alleles of 26.5% of the individuals. Once again the
SNP encoding p.V113fs (g.10,951delG) was only present in individuals that also had the g.
13,732C>T (p.S195L) SNP, but was present in 22.6% of these individuals. These same
individuals also had the SNP encoding p.N413 K (g.22,060T>G), but this SNP was also found
in an additional 2.4% of the individuals as the sole additional variant. No individuals were
identified that possessed the g.7,700_7,702dupGAC (p.71Ddup) variant.

Haplotype results
After determining individual genotypes of one FMO2*1 homozygote and 28 FMO2*1/*2
heterozygotes, we attempted to determine the haplotype of eight individuals in which the
additional SNPs were detected. We successfully cloned the DNA from one FMO2*1/*2
individual that was also heterozygous for the SNPs in exons 4, 5 and 8 (g.10,951delG, g.
13,732C>T, and g.22,060T>G, respectively). Repeat genotyping of the resulting clones
indicated that all of the variant SNPs segregated with the g.23,238T variant previously used to
define the FMO2*2 allele. Attempts to clone the DNA of the remaining seven FMO2*1/*2
individuals with additional SNP variants were not successful, due to instability of the 12.8 kb
insert.

As an alternative approach, we randomly selected 124 Puerto Rican FMO2*2 homozygotes
and determined their genotypes so that statistical methods could be used to infer individual
haplotypes. In addition, the SNP frequency data from FMO2*2 homozygotes was compared
to that from FMO2*1/*2 heterozygotes. The assumption was made that all SNPs observed
among the heterozygotes segregated with the FMO2*2 allele as was observed directly for a
single individual (see above). The frequency of individual SNPs was recalculated (Table 3);
these frequencies were used to determine the expected SNP frequencies in the 248
chromosomes from FMO2*2 homozygotes previously genotyped. The observed frequency of
SNPs (Table 3) that encode p.V113fs (g.10,951C>T) and p.N413 K (g.22,060T>G) was not
significantly different than the expected frequency (P>0.5, both tests). The observed
occurrence of the SNP that encodes p.S195L (g.13,732C>T) was higher than expected but not
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significantly so (P=0.22). These data confirm our assumption that these SNPs segregate with
the previously defined FMO2*2 allele (g.23,238C>T). Inferred haplotypes were determined
for all individuals and the predicted haplotype pairs and the associated phase call probabilities
are provided in Table 3. Consistent with our assumption, the predicted phase for every
individual reflects a chromosomal arrangement in which all variant SNPs segregate with the
previously defined FMO2*2 allele.

Ethnic differences in the occurrence of SNPs
Assuming that inferred haplotyping results have correctly assigned the variant SNPs in the
Hispanic-American population (Table 3) as segregating with the g.23,238C>T variant
(FMO2*2), the actual allelic frequencies for the population can be reported exclusively as the
occurrence within the subpopulation of FMO2*2 alleles (Table 4). We applied the same
assumption to the data reported from a study of African- American individuals [17] to make a
comparison of these ethnic groups possible without being confounded by the large difference
in the occurrence of the g.23,238C>T variant (FMO2*2) between these ethnic groups. This
assumption should be largely correct since posterior estimation of haplotypes for the African-
American population completed since publication indicated that the common SNPs reported
in their study segregated almost entirely with FMO2*2 g.23,238C>T variant (B. Furnes,
personal communication). A single exception was an incidence of an FMO2*1 homozygote
with a single copy of the SNP that encodes p.N413 K (g.22,060T>C). SNPs encoding p.71Ddup
(g.7,700_7,702dupGAC), p.V113fs (g.10,951delG) and p.N413 K (g.22,060T>G) were all
present among FMO2*2 (g.23,238C>T) alleles at a significantly lower frequency among
Hispanic-Americans (Table 4) than was observed in the African-American group (P values of
<0.0001, <0.0001 and 0.0001, respectively). This difference was most apparent for the SNP
encoding p.71Ddup (g.7,700_7,702dupGAC), which was not detected in any of the Hispanic-
American individuals. Only the SNP that encodes p.S195L (g.13,732C>T) occurred at a similar
frequency in both populations (P=0.13).

Expression and evaluation of mutant proteins
Plasmid constructs were created in pENTR for the variants of interest to serve as templates for
protein production in Sf9 cells. We expected that expressed p.V113fs would lack enzyme
activity and would fail to bind FAD because this is what is observed for the FMO2.2 (p.X472)
protein [11,12] in which only background levels (not associated with FMO) of FAD are present
[12], and this frame shifting mutation results in immediate replacement of Val with a stop
codon. However, while the sequence alteration correctly encoded p.V113fs and virus
successfully infected Sf9 cells, we were unable to detect the protein in either the soluble or
membrane fractions using sodium dodecyl sulfate– polyacrylamide gel electrophoresis with
Coomassie Blue staining or western blotting with anti-monkey FMO2 antibody (not shown).
Additionally, FAD was not detectable (Table 5). The p.V113fs protein may be targeted for
degradation in Sf9 cells. While detectable p.71Ddup protein was produced by Sf9 cells and
targeted to the membrane fraction (not shown), it also failed to bind FAD and was devoid of
activity toward methimazole (Table 5).

The p.S195L and p.N413 K proteins were produced in abundance, were targeted to the
membrane fraction, were associated with FAD levels comparable to that of FMO2.1 and
exhibited measurable enzyme activity (Table 5). Under the conditions of our assay, p.S195L
activity was severely compromised (P<0.0001), retaining only 2% of the activity exhibited by
FMO2.1 (p.Q472). The p.N413 K activity exceeded that of FMO2.1 with both methimazole
and ethylenethiourea, but the difference in activity was only significant for ethylenethiourea
(P=0.0054) and not methimazole (P=0.0830). Although, the Km measured for p.N413 K was
higher than that measured for FMO2.1 with ethylenethiourea as the substrate the difference
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was not significant (P=0.1006). However, the difference in kcat was highly significant
(P=0.0048); thus, the catalytic efficiency (kcat/Km) was similar (P=0.3184) for both proteins.

Discussion
Research by Stephens et al. [30] reported haplotype variation in a sample of human genes and
compared the distribution of SNPs and inferred haplotypes from individuals of African-
American, Asian, Caucasian and Hispanic-Latino origin. They found that the population
distribution of both haplotypes and SNPs was similar. The African-American population had
the highest number of SNPs and the most SNPs that were unique to the population. By contrast,
the Hispanic-Latino population had the lowest number of unique SNPs but the second highest
number of total SNPs, as a result of having a large number of SNPs in common with either the
African- American or Caucasian populations. The current study focused on the detection and
characterization of four FMO2 SNPs in a Hispanic-American population that were previously
found to be common in African-Americans [17]. Consistent with the global implications from
the study by Stephens et al. [30], our finding that the variant encoding p.71Ddup is absent in
the Hispanic-American study population may indicate that this SNP is unique to the African-
American population.

The remaining three SNPs were detected in the Hispanic-American population so it is possible
that they are cosmopolitan in nature and will be found in other ethnic groups. The SNP that
encodes p.V113fs (g.10,951delG) always segregated with the g.13,732C>T SNP (p.S195L)
and probably arose subsequent to it. The SNP encoding p.N413 K (g.22,060T>G) was less
common than the SNP encoding p.S195L (g.13,732C>T) and usually, but not always,
segregated with the SNPs encoding both p.V113fs and p.S195L (g.10,951delG and g.
13,732C>T, respectively). These observations may indicate this SNP has occurred on a number
of occasions or that recombination has occurred both between exons 5 and 8, as well as between
exons 8 and 9. However, because the SNP encoding p.S195L was very common, if such
recombination does occur, we would expect to find an occasional individual with the variant
encoding p.S195L (g.13,732C>T) segregating with the g.23,238C (p.Q472) allele. Given the
distance between the mutations on exons 5 and 9 (9.5 kb) and the difficulty we encountered
acquiring stable clones of long PCR products (12.8 kb), it is likely that if recombinant
individuals with the [g.13,732T; g.23,238C] haplotype ([p.S195L;Q472]) exist, they will be
identified from a study population of African origin.

The current allelic designations for FMO2 polymorphisms were first proposed [15] after it was
demonstrated that g.23,412dupT, when present was secondary to g.23,238C>T. We propose
that the new haplotype information warrants introduction of additional designations to cover
the known sequence combinations. Proposed designations (Table 6) adhere to international
human gene nomenclature guidelines [31,32] as well as established criteria utilized for naming
cytochrome P450 alleles [33], and bring the total of named FMO2 alleles to eight.

We hypothesized that p.S195L and p.N413 K proteins would retain enzyme activity. The
p.S195L alteration lies within the conserved GXGXXG/A NADPH binding motif, which
describes a beta-alpha-beta Rossman fold. Studies comparing amino acids that occur in proteins
with this motif led to the prediction that any amino acid should be tolerated at the underlined
position [34]. Yet among mammalian FMOs, amino acid position 195 is Ser in all isoforms
examined. Thus, for FMO, substitution of a Ser with a Leu within this position of the NADPH
binding motif seriously compromises enzyme activity under the assay conditions used.
Alignment of human FMO2 position 413 with other mammalian FMO2s revealed 100%
conservation of Asn at this position. Alignment and comparison with other FMOs demonstrated
conservation of Lys at this position among mammalian FMO1 enzymes, Met or Arg in FMO3
enzymes, Glu in FMO4 enzymes and either Gln or Arg in FMO5 enzymes. The catalytic
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efficiency of expressed protein with the Lys substitution was as high as that of FMO2.1.
Interestingly, this was achieved with an increased Km that was offset by a concomitant increase
in velocity.

Expressed FMO2.1 is proficient at catalyzing the oxidation of chemicals such as thioureas
[35] and thioethers [27]. Humans can be exposed to these chemicals in the form of drugs and
insecticides, respectively. Individuals capable of producing FMO2.1 will potentially
metabolize these and other FMO2 substrates. Approximately 26% of African- and 2–7% of
Hispanic-American individuals can produce active FMO2.1; results from our current study
indicate that these percentages are largely unaffected by the newly reported FMO2 SNPs
[17]. Thus, approximately 9.9 million individuals in the United States alone (estimated from
2000 census figures) may uniquely metabolize FMO2 substrates.
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Fig 1.
Identification of the g.7,700_7,702dupGAC SNP (encodes p.71Ddup) by (a) electrophoresis
or (b–d) real-time detection of PCR products from 3-primer (hF2–44, hF2–45 and hF2–46r)
allele-specific amplification. (a) Lane 1: MspI cut pBR322. Lanes 2–7 are control reactions:
2, minus template; 3, synthetic heterozygote composed of reference plasmid + g.
7,700_7,702dupGAC plasmid DNA; 4, reference plasmid DNA; 5, g.7,700_7,702dupGAC
plasmid DNA; 6, genomic DNA from a reference individual; 7, genomic DNA with added g.
7,700_7,702dupGAC plasmid DNA. Lanes 8–12 are from genomic DNA from individual
Hispanic-American samples. (b) Melting curve showing control reactions with synthetic
heterozygotes; green, mixed plasmid DNA; teal, non-mutant genomic DNA with g.
7,700_7,702dupGAC plasmid DNA. (c) Control reactions with simulated homozygotes and a
reference homozygote: blue and pink 74°C peaks are from 60-bp products from reference
plasmid DNA and genomic DNA, respectively; orange, 77°C peak is from 76-bp product from
g.7,700_7,702dupGAC plasmid DNA. (d) Genomic DNA from 30 Hispanic- American
individuals showing that the g.7,700_7,702dupGAC is absent.
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Fig. 2.
Identification of the g.13,732C>T SNP (encodes p.S195L) by (a) electrophoretic or (b–f) real-
time detection of PCR products from 3-primer (hF2– 50, hF2–79 and hF2–52r) allele-specific
amplification. (a) Lane 1: MspI cut pBR322. Lanes 2–7 are control reactions: 2, minus template;
3, synthetic heterozygote composed of reference plasmid + g.13,732C>T plasmid DNA; 4,
reference plasmid DNA; 5, g.13,732C>T plasmid DNA; 6, genomic DNA from a reference
individual; 7, genomic DNA with added g.13,732C>T plasmid DNA. Lanes 8–15 are products
from genomic DNA from individual Hispanic-American samples. (b) Melting curve showing
control reactions with simulated homozygotes and a non-mutant genomic sample: orange
tracing of the 77°C peak is from the 65-bp g.13,732C>T plasmid DNA product; blue and pink
81°C peaks are from the 78-bp products from reference plasmid and genomic DNA,
respectively. (c) Melting curve showing PCR products from control reactions with synthetic
heterozygotes; green, mixed plasmid DNA; teal, non-mutant genomic DNA with g.13,732C>T
plasmid DNA. (d) Superimposed melting curves of PCR products from the genomic DNA of
eight Hispanic-American individuals. These melting curves are shown separated into their
components including two heterozygotes (e), and six homozygotes encoding non-mutant
p.S195 (f).
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Fig. 3.
Identification of the g.22,060T>G SNP (encodes p.N413 K) by allelespecific 2-primer
amplification with electrophoretic detection. (a) Control reactions and 2-primer screen for the
72-bp g.22,060T>G mutant PCR product. Lane 1: MspI cut pBR322. Lanes 2–7 are 3-primer
(hF2–59, hF2–60r and hF2–61r) control reactions: 2, minus template; 3, synthetic heterozygote
composed of reference plasmid + g.22,060T>G plasmid DNA; 4, reference plasmid DNA; 5,
g.22,060T>G plasmid DNA; 6, genomic DNA from a reference individual; (7) genomic DNA
with added g.22,060T>G plasmid DNA. Lanes 8–9 show 2-primer (hF2–59 and hF2–61r)
control reactions: (8–9) template is the same as lanes 6–7, respectively. Lanes 9–15 are products
from genomic DNA from individual Hispanic-American samples obtained by 2-primer (hF2–
59 and hF2–61r) amplification. (b) Control reactions and 2-primer screen for the 82-bp g.
22,060T nonmutant PCR product. Lane 1: MspI cut pBR322. Lanes 3–4 are 3- primer (hF2–
59, hF2–60r and hF2–61r) control reactions: 2, reference plasmid DNA; 3, g.22,060T>G
plasmid DNA. Lanes 4–15 are products from genomic DNA from individual Hispanic-
American samples obtained by 2-primer (hF2–59 and hF2–60r) amplification.
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Fig. 4.
Identification of the g.10,951delG SNP (encodes p.V113fs) by SSCP detection (b) of products
produced from standard 2-primer (hF2–83 and hF2–49r) PCR amplification (a). (a) Control
reactions to confirm 120-bp PCR product amplification. Lane 1: MspI cut pBR322. Lanes 2–
7 control reactions: 2, minus template; 3, synthetic heterozygote composed of reference
plasmid + g.10,951delG plasmid DNA; 4, reference plasmid DNA; 5, g.10,951delG plasmid
DNA; 6, genomic DNA from a reference individual; 7, genomic DNA with added g.10,951delG
plasmid DNA. Lanes 8–11 are products from genomic DNA from individual Hispanic-
American samples. (b) SSCP separation of control products from: 1, synthetic heterozygote
composed of reference plasmid + g.10,951delG plasmid DNA; 2, reference plasmid DNA; 3,
g.10,951delG plasmid DNA. Lanes 4–13 show SSCP separation of products from individual
Hispanic-Americans.
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