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Abstract
The roles of flavin-containing monooxygenases (FMOs) in the oxidation of seleno-L-methionine
(SeMet) to L-methionine selenoxide (MetSeO) were investigated using cDNA-expressed human
FMOs, purified rat liver FMOs, and rat liver microsomes. MetSeO and the N-2,4-dinitrophenyl-
derivatives of SeMet and MetSeO were synthesized and characterized by 1H-NMR and ESI/MS.
These reference compounds were then used to develop a sensitive HPLC assay to monitor SeMet
oxidation to MetSeO. Formation of MetSeO in rat liver microsomes was time-, protein
concentration-, SeMet concentration-, and NADPH-dependent. The microsomal activity exhibited a
SeMet Km value (mean ±S.D.; n=4) of 0.91 ± 0.29 mM and a Vmax value of 44 ± 8.0 nmol MetSeO/
mg protein/min. Inclusion of 1-benzylimidazole, superoxide dismutase or deferoxamine caused no
inhibition of the rat liver microsomal activity. Because these results suggested the involvement of
FMOs in the oxidation of SeMet in rat liver microsomes, formation of MetSeO was also examined
using cDNA-expressed human and purified rat FMOs. The results showed that both rat and human
FMO1 and FMO3 but not FMO5 can catalyze the reaction. The SeMet kinetic constants were
obtained with purified rat liver FMO3 (Km = 0.11 mM, Vmax = 280 nmol/mg protein/min) and rat
liver FMO1 (Km = 7.8 mM, Vmax = 1200 nmol/mg protein/min). Because SeMet has anti-cancer,
chemopreventive, and toxic properties, the kinetic results suggest FMO3 is likely to play a role in
the biological activities of SeMet at low exposure conditions.

INTRODUCTION
Seleno-L-methionine (SeMet1), a naturally occurring analogue of methionine, has potent anti-
cancer activities against human tumor cells (1–3) and has been suggested to have
chemopreventive properties in human clinical studies where decreases in total cancer incidence
were observed (4,5). The cancer chemopreventive properties of SeMet have also been
demonstrated in animal models (6,7). Furthermore, SeMet has been shown to cause acute and
chronic toxicity in various animal and avian models, but the mechanisms of the biological
effects of SeMet remain unclear (reviewed in 8).

Metabolism of SeMet in animal and human tissues can occur by multiple enzymes. Metabolism
by the methionine transsulfuration pathway yields selenocystathionine and selenocysteine
(9), whereas metabolism by methionine γ-lyase and glutamine transaminase yields methylated
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Se and 4-methylseleno-2-oxobutanoic acid, respectively (10,11). SeMet can also be stored in
the body in proteins in place of methionine, especially when methionine levels in the diet are
low (8,12).

Previously, our laboratory has shown that L-methionine is a substrate for flavin-containing
monooxygenases (FMOs; FMO1–4). cDNA-expressed rabbit and human FMO3 and purified
rat liver FMO3 were shown to preferentially oxidize L-methionine to its corresponding
sulfoxide compared to rabbit, rat and human FMO1, rabbit FMO2, and human FMO4 (13–
16); human and rabbit FMO5 did not catalyze this metabolic reaction.

The primary objective of the current study was to determine if SeMet could be oxidized to its
corresponding selenoxide by cDNA-expressed and purified human and rat FMOs (Scheme 1).
We also examined the ability of rat liver microsomes to metabolize SeMet to its corresponding
selenoxide and characterized this microsomal activity. For these experiments, the N-2,4-
dinitrophenyl (DNP)-derivatives of SeMet and MetSeO were first prepared and characterized
and then these reference materials were used to develop an HPLC assay to quantitate the
formation of MetSeO in enzymatic incubations after derivatization with 1-fluoro-2,4-
dinitrobenzene.

MATERIALS AND METHODS
Caution

The following chemicals are hazardous and should be handled carefully: SeMet, MetSeO, and
1-fluoro-2,4-dinitrobenzene.

Materials—NADPH, SeMet, L-methionine, methimazole, catalase (from bovine liver),
superoxide dismutase (from bovine liver), deferoxamine and 1-fluoro-2,4-dinitrobenzene were
obtained from Sigma-Aldrich. HPLC-grade acetonitrile was purchased from EM Science.
SeMet and 30% hydrogen peroxide were obtained from Acros Organics (Pittsburgh, PA).
Microsomes containing cDNA-expressed human FMO1, FMO3, and FMO5 were purchased
from BD-Biosciences-Gentest (Woburn, MA) and the FAD content of these microsomes was
provided by the vendor. Purified rat liver FMO1 and FMO3 were obtained by using dye-affinity
and ADP-sepharose columns as described previously (14). FMO3 was purified nearly 72-fold
over the initial microsomal Lmethionine S-oxidase activity and FMO1 was purified nearly
297-fold over the initial microsomal S-benzyl-L-cysteine S-oxidase activity. All other
chemicals were of the highest grade commercially available.

Male Sprague-Dawley rats (210–260 g) were obtained from Sasco (Omaha, NE) and kept on
a 12 h light/dark schedule and allowed food and water ad libitum. “Washed” liver microsomes
were prepared by subcellular fractionation as previously described and stored at −80°C until
use (17).

Synthesis and characterization of MetSeO—MetSeO was synthesized from SeMet by
the addition of H2O2 (18). Briefly, SeMet (0.14 mmole) was dissolved in 400 μL H2O and
hydrogen peroxide (0.14 mmole) was added. The reaction was stirred on ice for 15 min after
which it was lyophilized to dryness. The reaction yield was 85% and the MetSeO obtained was
≥99% pure as determined by HPLC with UV detection at 220 nm. HPLC analyses of MetSeO
were carried out on a Beckman Ultrasphere 5 μcolumn (4.6 × 250 mm) using 1% acetonitrile
in water adjusted to pH 2.5 with trifluoroacetic acid) at a flow rate of 1 mL/min. The retention
times of SeMet and MetSeO were 8.7 and 2.7 min, respectively. Electrospray mass spectra
(ESI-MS) were obtained on a Kratos DS-55 (Manchester, England) ultra high resolution mass
spectrometer fitted with a Kratos DS- 55 data system. Spectra were recorded over the range of
m/z 50–500. ESI-MS m/z (relative abundance) were as follows: 216 (82Se) (M++1, 6%); 214
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(80Se) (M++1, 20%); 212 (78Se) (M++1, 8%); 211 (77Se) (M++1, 3%); 210 (76Se) (M++1, 3%);
198 (82Se) (M+1- H2O, 20%); 196 (80Se) (M+1- H2O, 100%); 194 (78Se) (M+1-H2O, 49%);
193 (77Se) (M+1-H2O, 18%); 192 (76Se) (M+1-H2O, 20%); 168 (80Se) (M - (H2O and CO2),
20%). These fragments are similar to what was observed by Gammelgaard, et al. (19). 1H-
NMR spectra were obtained on a 500 MHz Bruker spectrometer. MetSeO NMR spectra were
obtained at three different pHs (pH 2.4, 5.5, 11.5) because previous studies have shown that
at pHs of 4.0–8.0 additional peaks corresponding to the methionine selenoxide hydrate (MetSe
(OH)2) are detected (20,21). Chemical shifts were reported in ppm from sodium 3-
(trimethylsilyl)tetradeutero sodium propionate as internal standard. MetSeO was dissolved in
D2O alone and with DCl or NaOD. At pH 11.5 (D2O/NaOD), a mixture of the two
diastereomers (1:1 based on integral) of MetSeO was obtained as follows: 3.37 (1H, dd, CH
(NH2)COOH); 3.10–3.13 and 2.97–3.05 (2 H, 2m, Se(O)CH2); 2.68 and 2.69 (3H, 2s, -
SeCH3); 2.05–2.17 and 1.96–2.03 (2H, 2m, CH2CH(NH2)COOH). The chemical shifts
observed are similar to values reported in the literature (20,21). At pH 5.5 (D2O alone), a
mixture of MetSeO (60%) and MetSe(OH)2 (40%) as based on integral was observed with the
following chemical shifts: 4.34 (1H, dd, CH(NH2)COOH, MetSe(OH)2); 3.86 (1H, dd, CH
(NH2)COOH, MetSeO); 3.667–3.78 (2H, m, -Se(OH)2CH2, MetSe(OH)2); 2.97–3.31 (2H, m,
Se(O)CH2, MetSeO); 2.79 (3H, s, CH3Se, MetSe(OH)2); 2.70 (3H, s, -SeCH3, MetSeO); 2.53–
2.69 (2H, m, CH2CH(NH2)COOH, MetSe(OH)2); 2.35–2.39 (2H, m, CH2CH(NH2)COOH,
MetSeO. At pH 2.4 (D2O/DCl), a mixture of both MetSeO and MetSe(OH)2 was observed.
The chemical shifts obtained were as follows: 4.20 (1H, s, CH(NH2)COOH); 3.89–3.97 and
3.65–3.79 (2H, 2m, Se(O)CH2); 3.15 and 3.09 (3H, 2s, -SeCH3); 2.55–2.80 (2H, m, CH2CH
(NH2)COOH). Because the peaks were quite broad and often contained peaks from both forms,
assignment to either the selenoxide or hydrate was not made.

Synthesis and characterization of dinitrophenyl-seleno-L-methionine and
dinitrophenyl- L-methionine selenoxide—1-Fluoro-2,4-dinitrobenzene (0.095 mmol)
was added to a stirred suspension of SeMet (0.10 mmol) and anhydrous sodium carbonate (0.3
mmol) in anhydrous tetrahydrofuran (1mL). The reaction was kept in the dark and was stirred
for 1 h at 40°C followed by 8 h at room temp. Water (15 mL) was added and the pH adjusted
to 12 with 1 M Na2CO3. The mixture was washed twice with 15 mL CH2Cl2. The pH was then
adjusted to 2 with 1 N HCl and extracted twice with CH2Cl2 (15 mL). The combined organic
phases were dried over magnesium sulfate and the solvent was evaporated at 10°C under
reduced pressure. The yellow solid obtained was 96% pure as determined by HPLC at 220 nm
and 365 nm. The yield was 90%. The compound was characterized by NMR and EI-MS.
The 1H-NMR was carried out in D2O/NaOD and the signals were as follows: 2.00 (3H, s,
CH3Se-); 2.28–2.37 (2H, m, -CH2CH(NH-)COOH); 2.61–2.73 (2H, m, -SeCH2-); 4.38 (1H,
dd, -CH (NH-)COOH); 7.00 (1H, d, HorthoAr); 8.29 (1H, dd, HmetaAr); 9.10 (1H, d, HmetaAr).
EI-MS fragmentation, m/z (relative abundance) is as follows: 363 (80Se) (M+, 35%); 222
(CH3SeSeCH3+ O2), 50%); 190 (CH3SeSeCH3, 80%); 109 (CH3SeCH2, 100%).

Dinitrophenyl-L-methionine selenoxide was synthesized by adding hydrogen peroxide (30%,
0.025 mmol) to a solution of dinitrophenyl-seleno-L-methionine (0.017 mmol) dissolved in
NaOD (0.017 mmol) in D2O (0.5 mL). The solution was stirred 10 min at 0°C in the dark.
Reaction yield was 100% and purity was 96%. 1H-NMR (D2O/NaOD) mixture of two
diastereomers (1:1 ratio as based on integral) was as follows: 2.40–2.52 (2H, m, -CH2CH(NH-)
COOH; 2.65 and 2.67 (3H, 2s, CH3Se(O)-); 2.97–3.07 and 3.14–3.21(2H, 2 m, -Se(O)CH2);
4.43–4.47 (1H, m, -CH(NH-)COOH); 7.03 and 7.04 (1H, 2d, HorthoAr); 8.32 (1H, dd,
HmetaAr); 9.12 (1H, s, HmetaAr). EI-MS fragmentation m/z (relative abundance) was as follows:
379 (80Se) (M+, 3.5%); 316 (80Se) (M-(CO2 + H2O), 3%); 267 (M-CH3SeOH, 100%).

Microsomal enzymatic assays—The buffer used to prepare solutions for the enzymatic
reactions contained 0.1 M KH2PO4, 0.1 M KCl, 5 mM EDTA, pH 7.4. Enzymatic reactions
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were carried out in a total volume of 0.5 mL in a Dubnoff metabolic incubator with continuous
shaking by incubating microsomal protein (0.3–1.0 mg) at 37°C for 5 min in the presence or
absence of NADPH (2 mM) and catalase (2800 units) before SeMet was added to start the
enzymatic reaction. Catalase was included in the incubations to remove any H2O2 resulting
from uncoupled oxidation of NADPH. The SeMet concentration was 5 mM in the time course
and protein dependence experiments and in the experiments to determine the effect of
superoxide dismutase (537 units), deferoxamine (10 μM), or 1-benzylimadazole (1 mM) on
the microsomal activity. Kinetic constants were determined using SeMet concentrations
ranging from 0.05–10 mM using an incubation time of 20 min. Data were analyzed using
nonlinear regression (SigmaPlot, SPSS Inc., Chicago, IL). For all metabolic incubations, the
reaction was terminated with the addition of 0.5 mL ethanol and centrifuged for 15 min at 3000
rpm in a Beckman TJ-6 centrifuge to precipitate the protein. An aliquot of the supernatant (0.5
mL) was derivatized with 15 μL 2,4-dinitrofluorobenzene (10% v/v in ethanol) followed by
addition of 50 μL KOH/KHCO3 then allowed to react for 24 h in the dark at room temperature.

MetSeO recovery from incubation mixtures was determined by incubating 0.5 mM MetSeO
with 2 mM NADPH and catalase (2800 units) for 20 min at 37°C in the presence of 0.53 mg
rat liver microsomal protein. A concurrent control of 0.5 mM MetSeO in buffer only was also
carried out for 20 min at 37°C. MetSeO (104.9 ± 8.4 % of control value; mean ±S.D., n=5)
was detected in the incubations containing microsomes and NADPH.

Experiments to examine the effect of SeMet on L-methionine oxidation in rat liver microsomes
were carried out by incubating10 mM methionine in the presence of 10 mM SeMet for 20 min
as described above. After these metabolic reactions were terminated using an equal volume of
ice-cold ethanol, samples were derivatized with 1- fluoro-2,4-dinitrobenzene and analyzed for
methionine sulfoxide formation as previously described (14).

Protein concentrations for the microsomal samples were determined by the method of Lowry
et al (22) using bovine albumin as standard. Protein concentrations of the purified rat liver
FMOs were carried out by the bicinchoninic acid method (Pierce Chemical Co., Rockford, IL).

HPLC Analyses—HPLC analyses of the N-2,4-DNP-derivatives of MetSeO (20 μL injection
volume) were carried out with UV detection at 360 nm on a Waters Nova-Pak 5 μ reverse-
phase C-18 column (3.9 × 75 mm) using a Gilson gradient controlled HPLC system. The mobile
phases used were 1% acetonitrile/99% H2O containing 0.1 % trifluoroacetic acid adjusted to
pH 4.5 on pump A and 75% acetonitrile/25% H2O containing 0.1 % trifluoroacetic acid
adjusted to pH 4.5 on pump B. The initial mobile phase composition was 1% B which increased
to 5% B over 3 min. The percentage of B then increased to 50% over the next 3 min. It further
increased to 75% B over 3 min where it was held for 2.5 min. It then decreased to 1%B over
5 min where it was held for a total run time of 20.5 min. Typical retention times of the DNP-
derivatives of MetSeO and SeMet were 4.8 and 7.6 min, respectively. Separation of the
diastereomers of MetSeO was not achieved with this method. Quantitation of MetSeO was
done by comparing peak areas after derivatizatin with 1-fluoro-2,4-dinitrofluorobenzene
(corrected for any non-enzymatic activity in the absence of NADPH) to standard curves (r >
0.99) prepared using the reference compound.

Assays using cDNA-expressed human FMOs—Experiments were carried out using
0.5 and 5 mM SeMet in the presence of the pyridoxalphosphate-dependent enzyme inhibitor,
aminooxyacetic acid (1 mM - final; 23), catalase (2800 units) and cDNA-expressed FMO1,
FMO3 or FMO5 (0.5–0.75 nmol FAD/mL) in the presence and absence of 2 mM NADPH.
Concurrent controls using the same volume of vector control microsomes (which contain no
FMOs) were also included. Reactions were carried out for 15–45 min.
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Assays using purified rat FMO1 and FMO3—Assays to determine the kinetic constants
were carried out using 0.05–10 mM SeMet for 20 min and derivatized as described above. Data
were analyzed using nonlinear regression (SigmaPlot, SPSS Inc., Chicago, IL).

Statistical analyses—Comparisons of the control activity to the activity observed in the
presence of inhibitors was done using SigmaStat (SPSS Inc., Chicago, IL) with a paired t-test,
with p<0.05 as the criterion for significance.

RESULTS
Characterization of MetSeO

MetSeO was synthesized by the addition of H2O2 to SeMet. The ESI-mass spectrum of the
selenoxide exhibited a pseudomolecular ion of m/z 214 consistent with the expected molecular
weight of SeMetO + 1. The major peak (m/z 196) corresponds to the loss of water. These results
are consistent with results previously reported in the literature (19). The proton NMR spectrum
obtained in the presence of NaOD (pH 11.5) was consistent with the presence of nearly equal
concentrations of the two possible diastereomers of MetSeO, as indicated by the presence of
two singlets (δ = 2.69 and 2.68 ppm) for the methyl protons of the two diastereomers. The
splittings of the β- and γ-methylene protons were also consistent with the presence of the two
diastereomers. Chiral selenoxides are known to readily undergo facile racemization in aqueous
media, mostly via formation of achiral hydrates (24,25). The spectra obtained in only D2O (pH
5.5) or in the presence of DCl (pH 2.4) show peaks corresponding to MetSeO along with
additional peaks that likely are due to the hydrate form MetSe(OH)2 with two singlets present
for the methyl protons (δ= 3.15 and 3.09 ppm). The presence of MetSeO diastereomers and
MetSe(OH)2 formation at the various pHs is consistent with what was observed previously
with other selenoxides at similar conditions (21,25). Further oxidation of MetSeO to
methionine selenone was not observed in our studies, consistent with previous reports that
oxidation of selenoxides to selenones required use of oxidants (e.g. ozone and KMNO4) much
more vigorous than those needed for conversion of selenides to selenoxides (26).

Characterization of the 2,4-DNP-derivatives of SeMet and MetSeO—As we have
previously used 1-fluoro-2,4-dinitrobenzene to determine L-methionine sulfoxide formation
from L-methionine (1–4) and this derivatization technique also worked for SeMet and MetSeO,
we synthesized and characterized the DNP-derivatives of SeMet and MetSeO. The EI-MS
spectrum of reference dinitrophenyl-seleno-L-methionine (DNPSeMet) exhibited the expected
pseudomolecular ion (m/z 363). The relative abundances of the selenium isotopes were also
comparable with the theoretical spectrum. The 1H NMR spectrum of the synthetic product was
carried out in D2O with one equivalent of NaOD and was consistent with the expected chemical
shifts of the DNP- and SeMet moieties. Chemical oxidation of DNP-SeMet with H2O2 resulted
in the formation of dinitrophenyl-L-methionine selenoxide (DNP-MetSeO). Analysis of
reference DNPMetSeO by EI-MS exhibited a pseudomolecular ion of m/z 379 consistent with
the expected molecular weight (80Se) and the known relative abundance of the isotopes of
selenium. The major peak at m/z 267 corresponded to loss of CH3SeOH and the formation of
CH2=CHCH(NH-Ar)COOH. Similar selenoxide fragmentations have been reported
previously (27). This compound was also characterized by NMR in D2O/NaOD. The
integration and the splitting of the chemical shifts of the spectrum were consistent with the
presence of two diastereomers of DNP-MetSeO. The peaks corresponding to the two meta
protons (δ - 9.12 and 8.32 ppm) and the ortho protons (δ - 7.04 and 7.03) of the dinitrophenyl
group had the expected 1:1:1 integration ratios. The peaks corresponding to the α-proton (δ -
4.47-4.46 ppm), the β-protons (δ - 2.52-2.40 pm), γ-protons (δ- 3.21-3.14 and 3.07-2.97) and
the methyl group (δ- 2.67 and 2.65 ppm) had the expected 1:2:2:3 integration ratios and
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exhibited greater downfield chemical shifts compared to the corresponding protons of DNP-
SeMet.

Effects of SeMet on L-methionine sulfoxidation in rat liver microsomes and
characterization of the SeMet selenoxidation activity of rat liver microsomes—
Inclusion of 10 mM SeMet in incubations of 10 mM L-methionine with rat liver microsomes
resulted in almost complete inhibition of L-methionine sulfoxide formation. The amount of
methionine sulfoxide detected in incubations containing SeMet was only 1 ± 1% (mean ±S.D.,
n=3) of the amount of methionine sulfoxide detected in control incubations containing SeMet
(data not shown). Because of this nearly complete inhibition of methionine sulfoxide formation,
we investigated the ability of rat liver microsomes to oxidize SeMet. Incubations of SeMet
with rat liver microsomes in the presence of NADPH following derivatization with Sanger’s
reagent resulted in the detection of a peak on the chromatogram that co-eluted with that of
chemically synthesized DNP-MetSeO (Figure 1B). The formation of this peak in rat liver
microsomes was dependent on incubation time (Figure 2A), protein concentration (Figure 2B)
and was substantially reduced in the absence of NADPH (Figure 1A). Analysis of the rat liver
microsomal kinetic data by nonlinear regression (see Figure 2C for a representative
experiment) resulted in an apparent SeMet Km value (mean ± S.D., n=4) of 0.91 ± 0.29 mM
and a Vmax value of 44 ± 8 nmol MetSeO/mg protein/min; therefore, the Vmax/Km ratio was
51 ± 10 (Table 1).

To help determine which enzymes were responsible for SeMet oxidation in the microsomal
system, the effects of various enzyme inhibitors and reactive oxygen scavengers were
examined. Inclusion of 1-benzylimidazole, a general cytochrome P450 inhibitor, had no effect
on the enzymatic activity (94.9 ± 12.3% of the control activity, mean ± S.D., n=4) in rat liver
microsomes. No inhibition of the selenoxide formation was observed when superoxide
dismutase (92.3 ± 9.1% of the control activity, mean ± S.D., n=4) or deferoxamine (89.4 ±
11.1% of the control activity, mean ± S.D., n=4), an iron chelator that inhibits hydroxy radical
production by iron-catalyzed reactions, was included in the incubations. Thus, these results
provide evidence against the involvement of cytochrome P450s or reactive oxygen species in
this metabolic reaction.

Ability of cDNA-expressed FMO1, FMO3, and FMO5 to oxidize SeMet to MetSeO
—Because cytochrome P450s and reactive oxygen species were not responsible for this
metabolic reaction, the ability of cDNA-expressed human FMOs to oxidize SeMet was
examined. Activity was observed with FMO1 and FMO3 using both 0.5 and 5 mM SeMet
(Figure 3). The activity observed with FMO1 was slightly higher than that observed with FMO3
at both concentrations (Figure 3). With FMO1, there was a nearly 3-fold increase in activity
when the SeMet concentration was increased from 0.5 mM to 5 mM. With FMO3, there was
a nearly 3.2-fold increase activity in activity from 0.5 to 5 mM SeMet. FMO5 did not increase
the amount of MetSeO over that observed with insect microsomes that contain no FMOs (data
not shown).

MetSeO formation in incubations of SeMet with purified rat FMO1 and FMO3—
The kinetic constants for purified rat liver FMOs were determined using nonlinear curve fitting
(Figure 4A and 4B). With purified rat liver FMO1, the Km value was determined to be 7.8 mM
and the Vmax value was 1200 nmol/mg protein/min, resulting in a V/K ratio of 150 (Table 1).
With the purified rat liver FMO3, the SeMet Km value was determined to be 0.11 mM and the
Vmax value was 280 nmol/mg protein/min, resulting in a V/K ratio of 2500 (Table 1).
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DISCUSSION
In this study, the oxidation of SeMet by FMOs and the characterization of this metabolic
reaction in rat liver microsomes have been studied after development of a specific HPLC assay
to detect the DNP-derivative of MetSeO. An advantage of this method is that it allows
monitoring of product formation rather than monitoring NADPH oxidation that is not specific
and can be associated with multiple reactions in the microsomal system (28).

The results clearly show that SeMet is a substrate for FMOs. The purified rat liver and cDNA-
expressed human FMO data show that SeMet can be oxidized by both FMO1 and FMO3.
Similar to L-methionine, no activity was observed with cDNAexpressed human FMO5.
Although we did not determine kinetic values with cDNA-expressed human FMOs, we
previously have shown that for many substrates such as Lmethionine, S-allyl-L-cysteine, and
S-benzyl-L-cysteine, kinetic values obtained with either purified rat liver FMOs or cDNA-
expressed rabbit FMOs were similar to the corresponding values obtained with cDNA-
expressed human FMOs (13,15,29). With SeMet, the Vmax values obtained with purified rat
liver FMO1 and FMO3 (1200 and 280 nmol/mg/min, respectively) are similar to the
corresponding values (1266 and 261 nmol/mg/min, respectively) with L-methionine (14).
Interestingly, with both SeMet and L-methionine, the Vmax/Km ratio is much higher with rat
liver FMO3 than with rat liver FMO1. The Km values observed with SeMet for FMO1 and
FMO3 (7.8 and 0.1 mM, respectively) are much lower than the Km values observed previously
with L-methionine (48.0 and 3.4 mM, respectively; 14). A similar trend was observed by Chen
and Ziegler (30) for the metabolism of dialkyl- and alkylaryl-selenides compared to their sulfur
and nitrogen analogues by pig liver FMO1 (31). Interestingly, SeMet is oxidized chemically
to its corresponding selenoxide by peroxynitrite with second-order rate constants that were 10-
to 100-fold higher than the rate constants obtained for the same reaction with methionine
(32).

MetSeO formation in rat liver microsomes was time-, protein-, substrate concentration-, and
NADPH-dependent. Inclusion of cytochrome P450 inhibitors and reactive oxygen scavengers
had no effect on MetSeO formation. These results suggest that FMOs may be responsible for
this metabolic reaction in the microsomes. Inclusion of SeMet into L-methionine incubations
significantly inhibited the formation of methionine sulfoxide. This also provides evidence for
involvement of FMOs in SeMet oxidation. The SeMet Km value (mean ± S.D., n=4) determined
with the rat liver microsomes is 0.91 ± 0.29 mM which is between the Km values determined
with purified rat liver FMO1 (7.8 mM) and FMO3 (0.11 mM). This suggests that that both
FMO isoforms may be involved in MetSeO formation in rat liver microsomes.

SeMet can be metabolized by several enzymes other than FMOs. It can serve as a substrate for
methionine adenosyltransferase with a Km value of 0.6–0.8 mM (33,34). SeMet can also be
metabolized by L-methionine γ-lyase with a Km value of 0.51 mM (35). It is also a good
substrate for glutamine transaminase, having a Km value of 0.13 mM (11). With purified rat
liver FMO3, the SeMet Km value was 0.11 mM. Collectively, these kinetic results suggest that
FMOs may play an important role in the metabolism of SeMet at low exposure levels.

FMOs have been previously implicated in the metabolism of other selenium-containing
compounds. For example, ebelsen, 2-selenylbenzanilide, and 2- (methylseleno)benzanilide are
metabolized to their corresponding selenoxides by FMO1 (36). Dimethylselenide has been
shown to be oxidized by rat liver and lung microsomes and purified pig liver FMO1 (37).
Rooseboom, et al. also demonstrated that rat liver microsomes and cDNA-expressed human
FMO1 and FMO3 are responsible for the selenoxidation of Se-benzyl-L-selenocysteine
although the selenoxide product in this case readily undergoes a β-elimination reaction to yield
pyruvate (38).
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Oxidation of SeMet may influence its biological activities. Selenoxides may cause redox
cycling resulting in depletion of glutathione as MetSeO has been shown to be reduced to SeMet,
using two equivalents of glutathione which are converted to glutathione disulfide (39). In this
regard, our MetSeO recovery experiment suggests no significant reduction of MetSeO had
occurred in the microsomal incubations. This is likely due to the use of “washed” microsomes
that presumably removed GSH from these microsomal preparations. Ebselen has also been
shown to induce apoptosis in HepG2 cells by depleting intracellular thiols (40). Thus, formation
of MetSeO may result in depletion of intracellular thiols, causing inhibition of significant
cellular function and/or may lead to changes in gene expression. Therefore, the ability of FMOs
to oxidize SeMet to its corresponding selenoxide may play a role in the anti-cancer,
chemopreventive, and toxic properties of SeMet.
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Figure 1.
A typical reverse-phase HPLC chromatogram of the reaction mixture of SeMet (5 mM) with
rat liver microsomes (1 mg/mL) in the absence (A) and presence (B) of NADPH following
derivatization with 2,4-dinitrofluorobenzene, showing the N-2,4- dinitrophenyl derivatives of
MetSeO (I) and SeMet (II). The incubation time was 20 min.
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Figure 2.
Representative time course (A), protein dependence (B) and nonlinear curve fitting plot (C) of
MetSeO formation by rat liver microsomes. Details on experimental conditions can be found
in the Materials and Methods.
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Figure 3.
Time-dependent formation of MetSeO by cDNA-expressed human FMO1 and FMO3.

Krause et al. Page 13

Chem Res Toxicol. Author manuscript; available in PMC 2008 September 11.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4.
Nonlinear curve fitting plot of L-methionine selenoxide formation by purified rat liver FMO1
(A) and FMO3 (B).
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Scheme 1.
Scheme of the oxidation of seleno-L-methionine to seleno-L-methionine selenoxide by FMOs.
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Table 1
Apparent Kinetic Constants for Seleno-L-Methionine Selenoxide Formation by Purified Rat Liver FMOs and Rat Liver
Microsomesa.

Enzyme Vmax
b (nmol/mg protein/min) Km

b (mM) Vmax/Km R
Rat Liver FMO1 1200c 7.8 150 0.98
Rat Liver FMO3 280 0.11 2500 0.96
Rat Liver Microsomes 44 ± 8.0 0.91 ± 0.29 51 ± 10 0.97
a
The enzyme was incubated with varying concentrations of seleno-L-methionine (0.05- 10 mM) and NADPH (2 mM) for 20 min as described in the

Materials and Methods.

b
Apparent kinetic constants were determined using nonlinear curve fitting as described in the Materials and Methods. Experiments with purified rat liver

FMOs were carried out only once because of the limited amounts of purified FMOs available for these experiments and therefore no statistics were
provided. The rat liver microsomal values (means ± S.D.) were determined from four experiments.

c
Values were rounded to two significant figures.
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