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Abstract

To characterize the contribution of amino acid 360 to the functional activity of the
human flavin-containing monooxygenase form 3 (FMO3) and form 1 (FMO1) in the
oxygenation of drugs and chemicals, we expressed four FM O3 variants (i.e., Ala®®-
FMO3, His**-FM O3, GIn**-FM 03 and Pro®**°-FM03) and one FMO1 variant (i.e.,
Pro**-FMO1) and compared them to wild-type enzymes (Leu**-FM O3 and His**-
FMO1), respectively. The amino acid substitutions were introduced into wild-type FM O3
or FMO1 cDNA by site directed mutagenesis. The thermal stability of variants of Leu®®
FM O3 was also studied and the thermal stability was significantly different from that of
wild-type FMO3. The influence of different substrates to modulate the catalytic activity
of FM O3 variants was also examined. Selective functional substrate activity was
determined with mercaptoimidazole, chlorpromazine and 10-[ (N,N-
dimethylaminopentyl)-2-(trifluoromethyl)] phenothiazene. Compared with wild-type
FMO3, the Ala®*-FM O3, and His***-FM O3 variants were less catalytically efficient for
mercaptoi midazole S-oxygenation. N-Oxygenation of chlorpromazine was significantly
less catalytically efficient for His**-FM O3 compared with wild-type FMO3. Human
Pro*®-FMO1 was significantly more catalytically efficient at S-oxygenating
mercaptoimidazole and chlorpromazine compared with wild-type FMOL1. The data
support the mechanism that the Pro®® loci affect thermal stability of FMO3. Because
different amino acids at position 360 affect substrate oxygenation in a unique fashion
from that of FM O3 stimulation, we conclude that the mechanism of stimulation of FMO3

isdistinct from that of enzyme catalysis. A molecular model of human FMO3 was also

constructed to help explain the results. The increase in catalytic efficiency observed for
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Pro*® in human FM O3 was also observed when the His of FMO1 was replaced by Pro at

loci 360.
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I ntroduction

The flavin-containing monooxygenases (FMOs; 1.14.13.8) are a family of drug
metabolizing enzymes which utilize FAD, NADPH and molecular oxygen to catalyze the
oxygenation of alarge number of drugs, pesticides and other xenobiotics containing soft
nucleophiles (Cashman and Zhang, 2002; Krueger and Williams, 2005). Generally,
FMOs are detoxication catalysts that convert relatively non-polar compounds to more
polar metabolites via the incorporation of one atom of molecular oxygen (Ziegler, 1988).
Eleven human FMO genes have been identified, although only five forms of the enzyme
have been shown to be functionally active (Hernandez et al., 2004; Hines et al., 2002).
Of the five functionally active FMOs, FMO3 (Lomri et al., 1992) and FMO5 (Zhang and
Cashman, 2006) appear to be the prominent members in the adult human liver. It is
likely that the role in FM O-mediated metabolism by either FMO3 or FMO5 is dependent
on the type of substrate presented to the enzyme (Cashman and Zhang, 2006).

For FMO3, certain single nucleotide polymorphisms (SNPs) are associated with
significant functional differences in enzyme activity (Cashman and Zhang, 2006).
Certain amines, including drugs, dietary agents and xenobiotics metabolized by FMO3 as
a prominent metabolic pathway may be significantly altered if an FMO3 SNP is present
(Kang et al., 2000; Cashman et al., 2001; Cashman, 2002; Park et al., 2002). For
example, humans normally N-oxygenate approximately >96.5 % of benzydamine in an
FM O3-dependent process. For individuals with defective FM O3, a 2.7-3.3-fold decrease
in the average percentage of benzydamine N-oxide formation has been observed
(Mayatepek et al., 2004). The metabolism of trimethylamine (TMA) illustrates another

example of a dramatic effect on FMO3-mediated metabolism where individuals that
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possess defective FMO3 decrease TMA N-oxygenation. Because FMO3 is solely
responsible for TMA N-oxygenation in vivo, mutations of FMO3 that cause defective
TMA N-oxygenation lead to a rare metabolic disorder called trimethylaminuria (Dol phin
et al., 1997; Cashman, 2002a; Cashman et al., 2003). In addition to rare mutations that
cause trimethylaminuria, common SNPs can also decrease FMO3-mediated metabolism
and have clinical consequence (Koukouritaki, et al., 2005). In the case of sulindac and
chemoprevention of colorectal cancer, for example, FMO3 SNPs may improve the
overall clinical efficacy of the drug. The active sulfide metabolite of sulindac (i.e.,
sulindac sulfide) is S-oxygenated to the S-oxide and then to the sulfone by FMO3
(Hamman et al., 2000). SNPs of FMO3 a the E158K and E308G loci decrease
functional activity of FMO3 and decrease the retro-oxygenation of sulindac sulfide to
inactive sulfoxide and increase the efficacy of sulindac. Among sulindac-treated patients
that did not develop familial adenomatous polyposis, 33 % were homogenous for E158K

and 17 % were homozygous for E308G variants (Hisamuddin et al., 2004).

Common FMO3 SNPs vary widely across ethnic groups and it is possible that
interethnic variation contributes to therapeutic drug variability for drugs metabolized by
FMO3 (Cashman et al., 2001; Furnes et al., 2003). For example, certain ethnic groups
have a much greater prevalence of common FMO3 SNPs and possess a greater incidence
of abnormal TMA N-oxygenation (Mitchell et al., 1997). A rare Leu360Pro FMO3 SNP
has only been observed in individuals of African descent (Lattard et al., 2003). cDNA-
expression of the enzyme showed that Pro°*-FMO3 possessed an extensive metabolizer

phenotype in vitro. Thus, mutation of Leu*® of FMO3 to a Pro is an example of a
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mutation that has been shown to have a higher V o for several substrates with little effect
on the K, (Lattard et al., 2003). Our recent discovery of this pharmacologically
important polymorphism led us to explore further the affect of other amino acid
subgtitutions at position 360 of FMO3 and create a molecular model to help understand
the physical properties and the affinity, stimulation and turnover of a number of known

FM QO3 substrates.
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Materialsand Methods

Chemicals. Mercaptoimidazole (MMI), chlorpromazine HCl and all other
chemicals and reagents were purchased from Aldrich Chemical Co. (Milwaukee, WI) in
the highest purity commercially available. The components of the NADPH generating
system were obtained from Sigma Chemical Co. (Milwaukee, WI). Buffers and other
agents were purchased from VWR Scientific, Inc., (San Diego, CA). The phenothiazene
analog 10-[(N,N-dimethylaminopentyl)-2-(trifluoromethyl)] phenothiazene (5-DPT) was
synthesized by the method previously described (Brunelle et al., 1997).

Cloning and Expression. Wild-type human FM O3 and several variants including
Al@®-FM0O3, His**-FM 03, GIn**-FM 03, Pro**-FMO3 and wild-type human FMO1

and its variant Pro>®°

-FMO1 were expressed as fusion proteins containing N-terminal
maltose-binding protein and C-terminal poly-histidine tags (MBP-FM O3-Hiss and MBP-
FMOL1-Hiss respectively) as described previoudly (Lattard et al., 2004; Brunelle et al.,
1997). E. coli IM109 cells were transformed with the pMAL-FMO-Hiss plasmid and
grown at 37 °C in SOC medium (2 % bacto tryptone, 0.5 % yeast extract, 8 mM NaCl,
10 mM MgCl,, 25mM KCI, 20 mM glucose) to an absorbance of 0.5-0.6 at 600 nm.
0.2mM isopropyl B-thio galactopyranoside, 0.05mM riboflavin and 100 wg/ml
ampicillin were then added. The cells were further incubated overnight at 30 °C. Cdlls
were harvested by centrifugation at 6000 g for 10 min and resuspended in lysis buffer
50mM Na&HPO, pH84; 05% Triton X-100) containing 02% L-o-

phosphatidylcholine, 0.5 mM phenylmethylsulfonylfluoride and 100 mM flavin adenine

dinucleotide. After incubation for 30 min at 4 °C, the resuspended cells were disrupted by
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sonication (i.e., three 2-min bursts separated by periods of cooling). The solution was
centrifuged at 18,000 g for 30 min at 4 °C. The resulting supernatant was placed onto an
amylose column (New England Bio Lab, Beverly, MA). The pellets were extracted one
more time as described above. The resulting supernatant was loaded onto the same

amylose column and eluted as described below.

Purification of MBP-FMO-His; Fusion Proteins. All purification procedures
were carried out at 4 °C. The resulting supernatants were applied (0.5 ml/min) to an
amylose column (35 ml) equilibrated with Buffer A (50 mM NaHPO, pH 8.4; 0.5 %
Triton X-100). The column was washed with five volumes of Buffer A containing
100 mM flavin adenine dinucleotide. Bound proteins were eluted with 10 mM maltose in
Buffer A containing 100 mM flavin adenine dinucleotide. Eluted fractions were then
applied to a HisTrap Chelating column (HisTrap Kit; Amersham Biosciences,
Piscataway, NJ) equilibrated with buffer B (20 mM phosphate, pH 7.4, 0.5M NaCl,
10mM imidazole and 0.5% Triton X-100) according to the manufacturer's
specifications. After washing with buffer B, bound proteins were eluted with 200 mM
imidazole in buffer B. Eluted protein was fractionated by SDS-PAGE (Laemmli, 1970)
and visualized with Coomasie Blue staining. The fractions containing the bis-fuson
protein were pooled and precipitated by adding PEG 500 to achieve a final concentration
of 20 % PEG (w:v) and incubated on ice for 30 min. The PEG-precipitated protein was
collected by centrifuging at 18,000 rpm for 20 min. The protein was resuspended in

buffer A containing 100 mM flavin adenine dinucleotide and 10 % glycerol at 4 °C. The
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total protein concentration was measured by bicinchoninic acid assay (Pierce Inc.,

Rockford, IL) using serum bovine albumin as a standard.

Determination of MBP-FMO-Hiss concentration by SDS-PAGE and
Commassie Blue Staining. SDS-PAGE was done as described by Laemmli (1970).
MBP-FMO1-Hiss and MBP-FMO3-Hiss were quantified by Commassie Blue staining
and compared with a Bovine Serum Albumin (BSA) standard. Briefly, MBP-FMO-Hiss
proteins and different quantities of standard BSA (i.e., 2, 1.5, 1.0, 0.5, and 0.1 ug per
lane) were fractionated by electrophoresis on a 10% polyacrylamide ge under
denaturing conditions and stained with Commasie Blue. After destaining, FMO
guantification was done by densitometry analysis employing Scion Image software
(public domain, http://www.scioncorp.conV). The relationship between the relative

intensity of the detected signal and the amount of FMO was linear (r?=0.9).

Enzyme Assays. The oxygenation of MMI was determined by monitoring the
oxidation of NADPH associated with S-oxygenation of this substrate (Dixit and Roche,
1984). The assay contained 50 MM sodium phosphate buffer (pH 8.4), 0.5 mM
diethylenetriaminepentaacetic acid (DETAPAC), 0.2 mM NADPH and 0-0.1 mg MBP-
FMO-Hiss. Reactions were initiated by the addition of substrate and monitored at 340 nm
after obtaining a stable baseline. Kinetic parameters for MMI S-oxygenation were
obtained from individual experiments after the addition of decreasing amounts of
substrate (1000, 250, 50, 25, 12.5, 6.25, 3.125 uM final concentration) to the sample

Cuvette.

10

¥20Z ‘v Joquisoa uo Seuinor 134S Y e BIo'sjeulno fidse:puwip wou ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on September 19, 2006 as DOI: 10.1124/dmd.106.010827
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #10827

The N-oxygenation of chlorpromazine or 5-DPT was also determined as
previously described (Lomri et al., 1993; Brunelle et al., 1997). Briefly, a typical
incubation mixture contained 50 MM potassum phosphate buffer (pH 8.4), 0.4 mM
NADP*, 0.4mM glucose-6-phosphate, 11U glucose-6-phosphate dehydrogenase,
0.8 mM DETAPAC and 0-0.9 mg MBP-FMO-His;. Reactions were initiated by the
addition of 5-DPT or chlorpromazine, incubated at 37 °C for 20 min and stopped by
addition of 4 volumes of cold dichloromethane. After addition of 20 mg of Na,COj3 the
incubations were mixed and centrifuged to partition metabolites and remaining 5-DPT or
chlorpromazine into the organic fraction. The organic fraction was evaporated, dissolved
in methanol, mixed thoroughly, centrifuged, and analyzed by HPLC as described
previously (Brunelle et al., 1997). N-Oxygenation of 5-DPT or chlorpromazine was
determined by quantifying the amount of authentic product formed by HPLC.
Chromatography was done on a Hitachi HPLC fitted with a AXXIOM (Richard
Scientific, Novato, CA) silica phase column (4.5 um x 25 cm) with a mobile phase of
methanol/isopropanol/60 % HCIO, (55:45:0.01, v:v) and UV detection. This HPLC
system separated chlorpromazine, 5-DPT, chlorpromazine N-oxide and 5-DPT N-oxide
that gave retention volumes of 3.1, 2.9, 4.1, and 4.2 ml, respectively. Kinetic constants
for the N-oxygenation of chlorpromazine were obtained from individua experiments
after the addition of decreasing amounts of chlorpromazine HCI dissolved in water (600,
300, 200, 150, 127 uM final concentration).

Heat Inactivation Studies. The thermal stability of MBP-FMO3-Hiss variants
and wild-type enzyme was examined by monitoring the consumption of NADPH and S

oxygenation of MMI. Enzyme was placed into separate test tubes containing 50 mM

11
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phosphate buffer (pH 8.4), DETAPAC and placed on ice. The test tube was taken out of
theice and treated with heat (40 °C) for the indicated time and then immediately returned
to ice. Shortly theresfter, the heat-treated enzyme was combined with NADPH and
transferred to a cuvette for a photometric assay using MMI (100 uM). Non-heat treated
enzyme was used as a control to determine 100 % activity. Percent remaining activity as
a function of time was determined by dividing the observed activity for the heat-treated
enzyme by that of the non-hesat treated enzyme.

Molecular Modding of Human FMO3. The SWISS-MODEL system was used for
carrying out homology modeling (SWISS PBD viewer, Template Selection ExPDB
database and Promodll) (Schwede et al., 2003; Guex and Peitsch, 1997; Peitsch, 1995).
Four PDB (Protein Data Bank) (Berman et al., 2000) structures were selected for
homology modeling the structure of human FMO3: glutathione reductase (1get) (Mittl et
al., 1994), NADPH-peroxidase (1npx) (Stehle et al., 1991), a protein with similarity to
flavin-containing monooxygenases (lvgw) (Eswaramoorthy et al.,, 2006) and
phenylacetone monooxygenase (1w4x) (Malito et al., 2004). Several FMO sequences
wereinvolved in the analysis (i.e., including FMO3 of human, rat, cow, bull, chicken and
mouse, FMO1 of human, rat and mouse, and rabbit FMO2). Secondary structure was
predicted with different methods.

Data analyss. The estimation of kinetic parameters was achieved by the
incubation of at least 5 different substrate concentrations with MBP-FMO-Hiss.
Incubations were done in duplicate or triplicate. Data were analyzed with nonlinear
regression curve fit tools in Graphpad software using MichaglissMenten model. The

ordinary least-squares criterion was used to fit the Michaglis-Menten modd to the data,
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taking velocity as the dependent variable. The minimum values of the sum of sguared
residuals were computed using NAG foundation library routine EO4FDF (Numerical
Algorithms group Ltd., Natick, MA), a combined Gauss-Newton and modified Newton
algorithm, using function values only. Data are presented as the mean + standard
deviation from separate experiments. Statistical analysis was done using GraphPad 2.01
(GraphPad Software, Inc., San Diego, CA). Kruskal-Wallis statistical analysiswas run in
order to compare values for FMO3 variants versus values for wild-type FMO3 enzyme.
Mann Whitney test was run in order to compare values for FMOL variant with wild-type
enzyme versus wild-type FMO1 enzyme. Two way ANOVA with Bonferroni post-hoc
test were run in order to determine the effect of isoform and modulators on enzyme
activity and the interaction of these factors. The confidence interval selected was chosen

to be 95 %.

13
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Results

Previously, the human FMO3 gene variant Pro*®

-FMO3 was observed only in
individuals of African descent, as identified by either MassEXTEND (i.e., a high-
throughput chip-based genotype variation detection method) with matrix-assisted laser
desorption ionization time-of-flight mass spectrometry described before (Cashman et al.,
2001) or by DNA re-sequencing (Lattard et al., 2003). For the African American
population examined, the Pro®*-FMO3 allele frequency was 0.019. cDNA-expresssion
of the Pro®**°-FM O3 showed the variant was about 2 to 4-fold more catalytically efficient
in the oxygenation of prototypical substrates compared with wild-type enzyme (Lattard et
al., 2003). For human FMO3, the leucine at loci 360 is not conserved among different
species and different FMO isoforms. In mouse and rabbit FMO3, the 360 position is
subgtituted with glutamine. In FMO1, the position is replaced with histidine and is
conserved among different species (i.e., human, mouse, rabbit and pig). To investigate
whether the 360 position plays a regulatory role for FMO function, site-directed
mutagenesis was used to construct and express four human FMO3 variants and one
variant of human FMOL for comparison with wild-type FMO3 and FMO1, respectively.
The four variants were selected based on the idea of a smple aanine replacement, a
higtidine replacement to mimic FMOL, a glutamine replacement to mimic FMO3 in
rodents, and a proline to represent the L360P FMO3 SNP identified in an African
American population.

Several FMO3 variants (i.e., Ala®®, His*®, GIn**° and Pro®**®) and a single FMO1

variant (i.e, Pro®®) were introduced into wild-type FMO3 and FMO1 cDNA,

respectively. These mutants, along with wild-type FMOs were over-expressed as MBP-
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FMO-Hiss fusion proteins in E. coli IM-109 and purified as described in the Materials
and Methods. Enzyme fractions were purified to approximately 90 % purity and used for
kinetic studies.

Preliminary studies showed that human MBP-FM O3 supplemented with NADPH
catalyzed the rapid oxygenation of MMI, chlorpromazine and 5-DPT to their
corresponding S-oxide or tertiary amine N-oxides, respectively. The formation of product
was a linear function of protein concentration (0-0.16 mg of wild-type FMO3 protein, O-
0.35mg of Ala®-FMO3, 0-0.9 mg of His*-FMO3, 0-0.5 mg of GIn**-FMO3 and 0-
0.15mg of Pro®®-FMO3) and with incubation time for at least 10 min. Similarly,
formation of oxygenation products by human FMO1 was a linear function of protein
concentration (0-0.05 mg of wild-type FMO1 and 0-0.03 mg of Pro®**°-FMO1) and with
incubation time for at least 8 min.

The thermal stability of variants of FMO3 at loci 360 was investigated. Ala*-
FMO3, His®-FMO3 and Pro**°-FMO3 were compared with wild-type FMO3 by
examining MMI S-oxygenation (Figure 1). FMO3 enzymes were treated at 40 °C in the
absence of NADPH at various times (0-60 sec) and the percent remaining MMI S
oxygenation activity was determined by monitoring NADPH consumption
spectrophotometrically. Data were analyzed with nonlinear regression curve fit tools in
Graphpad software using one phase exponential decay. The half lives were determined
and compared by F-test. The half life was 37.28, 69.55, 26.62 and 11.54 min, for wild-
type FMO3, Pro**®-FMO3, His*®-FMO3 and Ala®®-FMO3, respectively. The F-test

showed significant differences between the groups (p<0.0001). Compared with wild-type

15

¥20Z ‘v Joquisoa uo Seuinor 134S Y e BIo'sjeulno fidse:puwip wou ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on September 19, 2006 as DOI: 10.1124/dmd.106.010827
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #10827

enzyme, Ala®®

-FM O3 appeared to be the most sensitive variant to thermal inactivation
(Figure 1).

Detailed kinetic studies were done with the FMO3 variants and compared with
wild-type enzyme. The K, and Vmax Values obtained for each variant are summarized in
Tables 1 and 2. As shown by the kinetic constants listed in Table 1, MMI was an
excellent substrate for the wild-type FMO3 having an apparent Ky, of 18.1 #M and Vinex
of 30.3 nmol/min/mg of enzyme. To examine the effect of position 360 amino acid
variants, the S-oxygenation of MMI was determined by measuring NADPH consumption.

Compared with wild-type FM O3, the catalytic efficiency (i.e., Vimax/Km) of Ala®-
FMO3, His**-FMO3 and GIn**-FMO3 was approximately a third or less of the value.
The catalytic efficiency of Pro®-FMO3 was greater than wild-type FMO3. Kruskal-
Wallis statistical analysis showed that the Ala&®-FMO3, His*®**-FMO3 variants were
significantly different compared with wild-type FM O3.

360

To examine the influence of the Pro™" substitution on a closely related enzyme,

wild-type human FMO1 was converted into Pro®®

-FMO1 by site-directed mutagenesis.
As shown in Table 1, the catalytic efficiency of Pro**°-FMO1 was greater than three-fold
that of wild-type FMO1. The Mann Whitney test showed the Pro**°-FMO1 variant was
significantly different than wild-type enzyme.

Chlorpromazine was used to investigate the ability of each variant to catalyze the
N-oxygenation of a tertiary amine to its N-oxide. Chlorpromazine N-oxide formation
was monitored by analysis of organic extracts of incubation mixtures by HPLC.

Compared with wild-type FMO3, Ala®-FMO3 and GIn**-FMO3 N-oxygenated

chlorpromazine with similar catalytic efficiency (Table 2). His*®-FMO3 N-oxygenated
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chlorpromazine with less catalytic efficiency than wild-type enzyme and this was
confirmed by Kruskal-Wallis statistical analysis. Pro**°-FMO3 was twice as catalytically
efficient compared with wild-type enzyme. The decrease in Vied/Km for His®-FMO3
was largely due to a lower Viyux value suggesting a decrease in turnover for the tertiary

amine. The increase in catalytic efficiency for Pro*®

-FMO3 compared with wild-type
enzyme was largely due to a decrease in Ky, suggesting an increase in the affinity of the
enzyme for the tertiary amine.

In agreement with that observed for FM O3, chlorpromazine N-oxygenation was
more efficient for Pro®®-FMO1. As shown in Table 2, the catalytic efficiency of Pro**-
FMO1 was 38 % greater than wild-type FMO1. Asjudged by the Mann Whitney test the

values for Pro*®°

-FMO1 were significantly different than wild-type enzyme. The
difference in catalytic efficiency apparently was due to changes in both Ky and Vipux.

Previoudly, it was reported that imipramine and chlorpromazine stimulated the
FM O3-dependent S-oxygenation of MM (Wyatt et al., 1998). If the Pro*® amino acid is
proximal to the positive regulatory site then ateration of this amino acid could influence
FMO-dependent stimulation of substrate oxygenation. Table 3 showed that wild-type
FMO3-catalyzed MMI S-oxygenation was stimulated by chlorpromazine. However, of
the Leu**-FM O3 variants examined, compared to non-stimulated enzyme, none showed
a statistically significant stimulation of MMI S-oxygenation on the basis of two-way
ANOVA and a Bonferroni post-hoc test. In al cases examined, the degree of stimulation
was less than that observed for wild-type FMO3.

Data of Table 4 shows the effect of chlorpromazine on the N-oxygenation of the

tertiary amine 5-DPT as wel as the effect of 5-DPT on the N-oxygenation of
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chlorpromazine. Chlorpromazine stimulated the FMO3-mediated N-oxygenation of 5-
DPT but the effect was dependent on the amino acid substitution at position 360 and this
effect did not reach statistical significance. The rank order of stimulation of FMOS-
mediated 5-DPT N-oxygenation was: His®-FMO3 > GIn**-FM03 > Ala®*-FMO3 >>
Pro*®-FM O3 = wild-type FMO3. In contrast, in the presence of 5-DPT, chlorpromazine
N-oxygenation was decreased and this was judged to be statistically significant on the
basis of two-way ANOVA and a Bonferroni post-hoc test. The rank order stimulation
was as follows. Pro***-FMO3 = GIn**-FM03 = Ala®*-FMO3 = wild-type FMO3 >
His*-FMO3.

Molecular modeling of the human FMO3 structure was done in an attempt to
understand the possible interaction of the amino acid at position 360 with the NADPH or
FAD cofactors. Four PDB structures were selected for homology modeling the structure
of human FMO3. Glutathione reductase (1get) and NADPH-peroxidase (1npx) were used
because they were used in a previous study (Cashman, 2002b). Two other structures were
suggested by the SWISS-MODEL Template Selection ExPDB database (Schwede et al.,
2003; Guex and Peitsch, 1997; Peitsch, 1995) (i.e., a protein with similarity to flavin-
containing monooxygenases (1lvgw) and phenylacetone monooxygenase (1w4x)). The
four PDB structures were manually aligned and superimposed. Two conserved domains
of the FAD binding domain and the NADPH binding domain could be found in the
superimposed structures (Figure 2). With the exception of these domains, the structures
were quite divergent.

The alignment of FMOs was based on sequence homology and secondary

structure of severa FMO sequences (i.e., including FMO3 of human, rat, cow, bull,
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chicken and mouse, FMO1 of human, rat and mouse, and rabbit FMQO2). Next, the
alignment was done combining the four known substructures with the alignment of the
FMOs. The secondary structure elements (o-helix and 3-sheets) showed good alignment
and considerable sequence similarity in the common structural elements (i.e., FAD and
NADPH binding domains). This alignment was used as a starting point for building the
human FM O3 mode! structure and these data were sent to the Swiss-model server and the
Promodll program to calculate the 3D mode structure of human FMO3 (Schwede et al.,
2003; Guex and Peitsch, 1997; Peitsch, 1995).

The molecular model derived is shown in Figure 3. Based on the model, Leu*®
lies near but it is not in direct contact with the FAD adenine moiety. The amino acids of
the reference structures corresponding to Leu®® of human FMO3 (i.e., 1get T293, lvqw
Y325, 1W4X T425, INPX T271) also showed that the corresponding amino acid was

proximal to the FAD (data not shown).
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Discussion

Human FMO3 oxygenates a variety of nucleophilic primary, secondary and
tertiary amines as well as sulfur and other heteroatom-containing chemicals and drugs
(Krueger and Williams, 2005). Because human FMO3 is not readily induced or
inhibited, variation in the functional activity comes from genetic variability arising
largely from common SNPs (Cashman, 2002a). On the other hand, individuals with rare
FMO3 mutations that cause defective TMA N-oxygenation suffer from
trimethylaminuria. It is the FMO3 allelic variation present in common genetic
polymorphisms that have been reported to affect chemical and drug metabolism mediated
by FMO (Cashman and Zhang, 2006; Koukouritaki and Hines, 2005; Treacy et al., 1998;
Akerman et al., 1999; Dolphin et al., 2000). In addition, a detailed examination of
structure and function of common allelic variation could aso provide insight into
mechanistic or structural aspects of FM O action.

In a previous study, a few individuals (i.e., 1 %) were identified as possessing the
Pro**-FM O3 variant and we reported Pro**-FM O3 was more catalytically efficient than
wild-type FMO3 (Lattard et al, 2003). Pro**-FMO3 oxygenated MMI, TMA and 5-DPT
approximately 3-, 5- and 2-fold more efficiently, respectively, than wild-type FMO3. For

these substrates, the Ky, values for Pro>®

-FMO3 and wild-type enzyme were similar but
the Vimex Values were greater. It is possible that Pro**-FMO3 could facilitate desorption
of NADP' or dehydration of FAD pseudobase water and thus speed up the FM O reaction.
Evidence that one or the other of these processes is the rate-limiting step in FMO

catalysis has been reported previoudy (Poulsen and Ziegler, 1979; Beaty and Ballou,
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1981). Another possibility is that Pro**-FMO3 has an affect on the structure of FMO3
because it is known that substitution of a Pro into an enzyme can change protein
structure.  We did observe a significant difference in the effect of 360 amino acid
substitution on the thermal stability and half life of Leu®**-FMO3 variants (Figure 1) and
we suspect the effect of the 360 loci substitution has a key effect on function.
Accordingly, detailed kinetic studies were undertaken.

We examined variants at the 360 loci to gain insight into structural features that
may contribute to increasing the catalytic efficiency of Pro®°-FMO3. Compared with
wild-type human FMO3, Pro®**-FMO3 S-oxygenated MMI with grester catalytic
efficiency. Ala®-FMO3, His*-FMO3, and GIn**-FMO3 variants all showed less
catalytic efficiency compared with wild-type enzyme (Table 1). N-Oxygenation of

chlorpromazine with the Pro®®

variant was more catalytically efficient than the wild-type
enzyme. His**-FMO3 but not Ala®*-FMO3, and GIn**-FMO3 were less catalytically
efficient than wild-type enzyme at chlorpromazine N-oxygenation (Table 2).

We aso examined variants of human FMO1 at the 360 loci to see if the
observations about FMO3 extended to human FMO1. The Pro®®-FMO1 variant
catalyzed the S-oxygenation of MMI with greater catalytic efficiency than wild-type
enzyme (Table 1). Likewise, Pro®*-FMO1 was more catalytically efficient at N-
oxygenating chlorpromazine than wild-type enzyme (Table 2). Thus, in asimilar vein as

s** of human FMO1 with Pro®® affords an enzyme

human FM O3, replacement of the Hi
with greater catalytic efficiency. Because human FMO1 and FM O3 share 53 % sequence
identity (Lawton et al., 1994), it is not surprising that the factors at loci 360 that work to

increase catalytic efficiency in FMO3 are also at work for FMO1.
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It has been reported that tertiary amines such as chlorpromazine and imipramine
stimulate oxygenation of other FM O3 substrates such as MMI (Wyatt et al., 1998). The
data pointed to a regulatory site for FM O3 that facilitated substrate turnover (Cashman,
1995). In the study herein, we observed significant stimulation by chlorpromazine of
MM!| S-oxygenation in the presence of wild-type FMO3 but Ala®**-FM O3, His***-FM O3,
GIN**-FM 03, and Pro**-FMO3 variants did not show a statistically significant effect
(Table 3). In the presence of chlorpromazine, wild-type FMO3 mediated MMI S
oxygenation was stimulated 24 %. By a simple substitution of Leu**® in wild-type FMO3
for Ala®-, His*®-, GIn**- or Pro®*®-FMO3, the enzyme lost its responsiveness to
stimulation. In summary, for MMI S-oxygenation, the 360 loci of FMO3 can contribute
to modulation of stimulation in the presence of chlorpromazine but the effect is not a
simple matter of hydrophobic or basic interactions. The mechanism responsible for an
increase in catalytic efficacy by substitution of Pro at loci 360 appears to be distinct from
that of enzyme stimulation.

We also examined the influence of chlorpromazine to stimulate 5-DPT N-
oxygenation as well as the influence of 5-DPT to stimulate chlorpromazine N-
oxygenation. In the case of variants Ala®°-FMO3, His**-FMO3 and GIn**-FMO3 the
N-oxygenation of 5-DPT was stimulated in the presence of chlorpromazine but this did
not reach statistical significance (Table 4). The fact that both aliphatic and basic amino
acid subgtitution at loci 360 cause a similar percent stimulation of FMO3 suggests that
the mechanism of enzyme stimulation of FM O3 may involves multiple structural effects.

The effect of amino acid substitution on stimulation of substrate oxygenation as a
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consequence of changes at loci 360 is quite distinct for MMI and 5-DPT and suggests
that these substrates are handled differently by FMO3.

In the presence of 5-DPT, the 360 loci variants and wild-type FMO3 enzymes
decreased chlorpromazine N-oxygenation (Table 4). We interpret this as alternate
substrate competitive inhibition of 5-DPT on chlorpromazine N-oxygenation. Previously,
we showed that compared to 5-DPT, chlorpromazine was an inferior substrate for FMO3
likely due to the shorter aliphatic side chain associated with this tertiary amine (Lomri et
al., 1993). In contrast, 5-DPT possesses a more optimal aliphatic side chain length to
place the tertiary amine further into the substrate binding channel of FM O3 and afford
more efficient N-oxygenation. That no stimulation of N-oxygenation of chlorpromazine
by 5-DPT was observed and in fact, alternate competitive substrate inhibition was
observed, suggests that the mechanism of alternate substrate stimulation is distinct from
that of aternative tertiary amine N-oxygenation (or aternative substrate competitive
inhibition).

Two FMO models were previously reported (Cashman, 2002b, Ziegler, 2002)
using glutathione reductase (Mittl et al., 1994) and NADPH peroxidase (Stehle et al.,
1991) structures as templates. The previously developed human FMO3 models were
based on threading the FMO3 sequence onto the X-ray structure of the flavoproteins
whereas the model developed herein was based on homology modeling using the cofactor
binding domains as key linchpins. The recently published structures of phenylacetone
monooxygenase (i.e., a Baeyer-Villiger monooxygenase) (Malito et al., 2004) and
structures of the FMO from Schizosaccharomyces pombe (Eswaramoorthy et al., 2006)

encouraged us to congtruct a new human FMO3 model. Comparison of the FMO3
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sequences with other monooxygenases of known structures revealed well-defined FAD-
and NADP' binding domains that were readily modeled. In our model as well as the
earlier models these cofactor domains have typical dinucleotide-binding folds and other
known conserved structural motifs as part of these domains (Krueger and Williams,
2005). Based on the prior model, we proposed that FMO3 amino acid 360 is near the
FAD cofactor region (Figure 3). Leucine 360 is proximal but not in direct contact with
the FAD. This amino acid may be involved in domain rotation thought to be occurring
during catalysis (Malito et al, 2004; Ballou et al., 2006). We interpret the amino acid
subgtitution at position 360 as having an influence on dehydration of the FAD pseudo
base. If amino acid 360 has a determining role in the flexibility of FM O3 then this amino
acid may have an influence on NADP' desorption

Beyond the conserved domains there are insertions that are unique in mammalian
FMOs compared to other monooxygenases. A 40 residue polypeptide chain segment
insertion in the FAD binding domain occurs in the interface between the two domains.
The C-terminus of the FAD binding domain contains mostly o-helical polypeptide chains
that extend from the FAD domain to the NADPH domain. In addition, the NADPH
binding domain exhibits an insertion of 66 amino acids right after the foi NADPH
binding unit. The position of this insertion is the same as in the Baeyer-Villiger
monooxygenase (Malito et al., 2004), but the insertion is shorter in the FM O and contains
only two a-helixes. These insertions might play a role in substrate binding and the
catalytic mechanism of human FMO’s but delineating this will require further refinement

of the model structures.
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In summary, for human FM O3, inter-individual variation of enzymatic activity
can contribute to discernible differences in drug or chemical metabolism (Cashman and
Zhang, 2002). Genetic polymorphisms of genes encoding FMO enzymes resulting in
“fast metabolizer” phenotype may lead to rapid drug metabolism and potentialy a
decrease in therapeutic efficacy of drugs. Based on the kinetics and the molecular model,
the change in catalytic efficacy as a function of modulation of amino acid position 360 is
likely due to changes in the function of FAD but further refinement is required for more
detailed structural analysis (i.e, substrate binding or influence of mutations on
structures). In contrast to MMI that moves into the active site domain, it is possible that
because the phenothiazene ring system of 5-DPT is precluded from entering the putative
substrate binding domain, amino acid interactions in this region of the protein modulate
the extent of substrate stimulation. The results for effects of amino acid substitution on
FMO3 catalytic efficiency were distinct from those observed for stimulation of MMI S
oxygenation by chlorpromazine. We interpret this to suggest that the contribution of the
360 loci for FM O3 substrate stimulation is different from that of the influence of the 360
loci on FMO catalysis.

Because the 360 loci variant thus far has only been found in individuals of
African descent, the functional variaion of Leu**-FMO3 described herein may
contribute to ethnic group-dependent metabolism of chemicals and dietary materials that
are FMO3 substrates. The relevance of the Pro**-FM O3 SNP to human drug metabolism

needs to be investigated further.
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Figure L egends

Figurel. Study of thethermal stability of human FMO3 and 360 loci variants. Each
enzyme was treated at 40 °C for the indicated time. Remaining activity relative to
untreated enzyme was plotted against treatment time for wild-type (m), L360P (A),

L360H (), and L360A (e).

Figure 2. Depiction of the conserved FAD-binding and NADPH-binding domains of the
four enzymes used to create amodel of human FMO3. The four enzyme structures were
modeled together as indicated by different colors (i.e., 1get - green, 1vgw - yellow, 1w4x
- red and 1npx - blue). The NADPH structureis colored with violet and the FAD
structure is colored with magenta.

Figure 3. Molecular model of human FMO3. The color scheme (blue — turquoise —
green — yellow) indicated the deviation from reference structures (i.e., blue shows the
best fit), while every structural element obtained by loop search were colored in red. The
coordinates of the FAD (magenta) and NADPH (violet) were imported from the 1get
structure. This crude structure was acceptable for localization of amino acid 360. The
atoms of Leu*® are represented by van der Waals spheres (i.e., the yellow colored amino
acid dlightly below the FAD).
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TABLE 1
S-Oxygenation of MMI by human FMO3 and FMOL.
The oxygenation of MMI was determined by monitoring the oxidation of NADPH
associated with the S-oxygenation of MM as described in Materials and Methods.

Data are mean + standard deviation.

KM Vmax Vmax/Km
(uM) (nmol/min/mg of (ml/min/mg of protein)
Enzyme protein)
FMO3 MBP n=6 18.1+9.0 30.3+6.9 1.9+0.6
(100 %)?
Al2®*°-FM O3 MBP n=9 46.1+3.1* 19.7+76 0.4+ 0.2%*
(21 %)
His**-FMO3 MBP n=9 382+ 154 19.3+7.0 0.5+ 0.2*
(26 %)
GIn**°-FMO3 MBP n=3 217422 104+12 05+0.2
(26 %)
Pro**°-FM O3 MBP n=6 33.7+15.0 675+ 25.3 27+19
(142 %)
FMO1 MBP n=6 30.3+7.8 127+12 05+0.1
(100 %)°
Pro**°-FMO1 MBP n=3 20.2+ 1.9t 28.6 + 3.0t 1.4+ 0.3t
(280 %)

*The values in parenthesis represent the percentage of V ma/Km compared with the
corresponding value for wild-type FMO3.
"The values in parenthesis represent the percentage of V /K m compared with the

corresponding value for wild-type FMO1.

37

¥20Z ‘v Joquisoa uo Seuinor 134S Y e BIo'sjeulno fidse:puwip wou ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on September 19, 2006 as DOI: 10.1124/dmd.106.010827
This article has not been copyedited and formatted. The final version may differ from this version.

DMD #10827

Kruskal-Wallis statistical analysis was run in order to compare values for FMO3
variants.* p<0.05; ** p<0.01 vs. values for wild-type FM O3 enzyme.
Mann Whitney test was run in order to compare values for FMOL1 variant with wild-type

enzyme 1p<0.05 vs. value for wild-type FMO1 enzyme.
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N-Oxygenation of Chlorpromazine by human FMO3 and FMOL.

The oxygenation of chlorpromazine was determined by monitoring the appearance of N-

oxide associated with the N-oxygenation of chlorpromazine as described in Materials and

Methods.

Data are mean + standard deviation.

Km Vmax Vmax/Km
(uM) (nmol/minmg of (ml/min/mg of protein)
Enzyme proteinl)
FMO3 MBP n=9 60.6 + 59.5 32.0+20.7 0.7+0.3
(100 %)?
Ala®-FM O3 MBP n=9 80.2+30.5 426+79 06+0.1
(86 %)
His**-FM O3 MBP n=12 27.6+54 6.5+54 0.2+0.1**
(29 %)
GIn*-FM O3 MBP n=3 762+ 3.6 485+ 1.0 0.6+0.0
(86 %)
Pro**-FMO3 MBP n=9 26.0+20.8 27.4+183 1.2+0.2
(171 %)
FMO1 MBP n=3 58.4+3.2 175.0+ 13.0 3.0+0.1
(100 %)°
Pro**°-FMO1 MBP n=6 22.4+ 3.0t 86.2+ 12.6t 3.8+ 0.5t
(126 %)

*The values in parenthesis represent the percentage of V /K m compared with the

corresponding value for wild-type FMO3.

"The values in parenthesis represent the percentage of V /K m compared with the

corresponding value for wild-type FMO1.
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Kruskal-Wallis statistical analysis was run in order to compare values for FMO3
variants.** p<0.01 vs. values for wild-type FMO3 enzyme.
Mann Whitney test was run in order to compare values for FMOL1 variant with wild-type

enzyme 1p<0.05 vs. value for wild-type FMO1 enzyme.

40

¥20Z ‘v Joquisoa uo Seuinor 134S Y e BIo'sjeulno fidse:puwip wou ) pepeojumoq


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on September 19, 2006 as DOI: 10.1124/dmd.106.010827
This article has not been copyedited and formatted. The final version may differ from this version.

TABLE 3

DMD #10827

S-Oxygenation of MMI by human FMO3 in the presence of Chlorpromazine.

The S-oxygenation of MMI in the presence of chlorpromazine was determined by

monitoring the consumption of NADPH as described in Materials and Methods.

Data are mean + standard deviation.

Control Rate Rate + II:s;cent
(nmol/min/mg of Chlorpromazine® case
En FMQS3 protein) (nmol/min/mg of
z/me FMQS3 protein)
FMO3 MBP 58+0.2 72+04 24.1%**
Al®-FMO3 MBP 6.2+0.1 6.7+1.0 8.1
His**-FM O3 MBP 7.24+0.2 7.3£06 12
GIn*°-FM O3 MBP 6.1+0.2 6.9+04 13.2
Pro**-FMO3 MBP 46+0.3 49+05 5.8

MM I was present at 2 mM and chlorpromazine was present at 1 mM. "The rate of

MMI S-oxygenation in the presence of chlorpromazine was compared to the control

rate obtained in the absence of chlorpromazine. Two way ANOV A was run in order

to determine the effect of FM O3 isoform and modulator on enzyme activity and the

interaction of these factors. Bonferroni post-test was done. ***p<0.001 vs. value for

FM O3 enzyme variant in the absence of chlorpromazine.
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TABLE 4
N-Oxygenation of tertiary amines by human FMO3.
(A) The N-oxygenation of 5-DPT in the presence of chlorpromazine was determined by
monitoring formation of product by HPLC. (B) The N-oxygenation of Chlorpromazine
in the presence of 5-DPT was determined by HPLC as described in Materials and
Methods.

360 + <360 360,
EMO3 MBP Ala*-FMO3 HIS®-FMO3 o a0 ;1qg  PTO™FMO3 MBP
MBP MBP
. MBP
Condition
A.5-DPT 62.2+5.2 23.5+0.9 44+0.2 16.9+0.5 61.1+2.4
5-DPT + 62.9+0.8 271+19 53+£01 19.7+0.1 629+21
Chlorpromazine
Percent increase 1.0 15.3 20.05 16.6 29
B. Chlorpromazine 43.6+0.2 18.2+0.2 52+02 13.9+0.2 41.6+0.2
Chlorpromazine + 5- 49+0.2 21402 25+0.2 15+0.2 44+0.2
DPT
Percent decrease 88.8*** 88.5%** 51.9*** 890.2%** 89.4***

®Rate of product formation expressed as nmol/min/mg of FMO3. "Therate of 5-DPT N-
oxide formed in the presence of chlorpromazine was compared to the control rate
obtained in the absence of chlorpromazine. “The rate of formation of chlorpromazine N-
oxide in the presence of 5-DPT was compared to the control rate obtained in the absence
of 5-DPT. Two way ANOVA wasrun in order to determine the effect of isoform and
modulator on enzyme activity and the interaction of these factors. Bonferroni post-test

was done. ***p<0.001 vs. value for FMO3 enzyme variants in the absence of 5-DPT.
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