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ABSTRACT: Methionine synthase reductase (MSR) catalyzes the conversion of the inactive form of human
methionine synthase to the active state of the enzyme. This reaction is of paramount physiological
importance since methionine synthase is an essential enzyme that plays a key role in the methionine and
folate cycles. A common polymorphism in human MSR has been identified (66Af G) that leads to
replacement of isoleucine with methionine at residue 22 and has an allele frequency of 0.5. Another
polymorphism is 524Cf T, which leads to the substitution of serine 175 with leucine, but its allele
frequency is not known. The I22M polymorphism is a genetic determinant for mild hyperhomocysteinemia,
a risk factor for cardiovascular disease. In this study, we have examined the kinetic properties of the
M22/S175 and I22/S175 and the I22/L175 and I22/S175 pairs of variants. EPR spectra of the semiquinone
forms of variants I22/S175 and M22/S175 are indistinguishable and exhibit an isotropic signal atg )
2.00. In addition, the electronic absorption and reduction stoichiometries with NADPH are identical in
these variants. Significantly, the variants activate methionine synthase with the sameVmax; however, a
3-4-fold higher ratio of MSR to methionine synthase is required to elicit maximal activity with the
M22/S175 and I22/L175 variant versus the I22/S175 enzyme. Differences are also observed between the
variants in the efficacies of reduction of the artificial electron acceptors: ferricyanide, 2,6-dichloroin-
dophenol, 3-acetylpyridine adenine dinucleotide phosphate, menadione, and the anticancer drug doxorubicin.
These results reveal differences in the interactions between the natural and artificial electron acceptors
and MSR variants in vitro, which are predicted to result in less efficient reductive repair of methionine
synthase in vivo.

Methionine synthase reductase (MSR,1 EC 2.1.1.135) is
a 78 kDa dual flavoprotein involved in the reductive
activation of methionine synthase (1). It contains stoichio-
metric amounts of FAD and FMN, which are postulated to
transfer reducing equivalents sequentially from the two-
electron donor, NADPH, to the one-electron acceptor, the
cob(II)alamin cofactor of methionine synthase (Figure 1).
MSR is also capable of reducing cytochromec in vitro. The
sequence of MSR is homologous with those of other
eukaryotic (cytochrome P450 oxidoreductase, nitric oxide
synthase, and NR1) and prokaryotic (sulfite reductase and
cytochrome P450 BM3) diflavin enzymes. The primary
structure of the prototype of this family of diflavin reductases,
cytochrome P450 oxidoreductase, predicts the existence of
two domains: an N-terminal flavodoxin-like FMN binding
domain and a C-terminal flavodoxin reductase-like domain,

which binds FAD and NADPH (2). The crystal structure of
recombinant rat liver cytochrome P450 oxidoreductase
confirms this modular organization, showing the FMN
domain connected via a flexible linker to the FAD/NADPH
domain (3). The linker allows spatial proximity of the two
flavin cofactors, permitting them to move to within 4 Å of
each other for direct electron transfer.

The physiological function of MSR is important for the
sustained activity of methionine synthase, a central enzyme
in homocysteine and folate metabolism. Hereditary defects
leading to functional methionine synthase deficiency are
inherited as autosomal recessive disorders (4). These patients
belong to one of two complementation groups,cblG and
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FIGURE 1: Catalytic cycle and activation mechanism of methionine
synthase.
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cblE, with mutations in methionine synthase and MSR,
respectively. Both classes of inborn errors lead to severe
hyperhomocysteinemia, hypomethionemia, and megaloblastic
anemia without methylmalonic aciduria (4). Mutations
distributed along the entire coding region of the MSR gene
have been identified (5, 6), and these patients exhibit a range
of clinical symptoms, including developmental delay, ataxia,
cerebral atrophy, neonatal seizures, and blindness, as well
as thrombosis and arteriosclerotic vascular modifica-
tions (7, 8).

Results from numerous epidemiological studies have led
to the identification of elevated levels of plasma homocys-
teine as a risk factor for cardiovascular diseases, neural tube
defects, and Alzheimer’s disease (9-13). This has stimulated
a high level of interest in identifying common polymorphisms
in genes involved in homocysteine metabolism and assessing
their association, if any, with mild hyperhomocysteinemia
and an increased risk for cardiovascular diseases and neural
tube defects. The most extensively studied polymorphism
to date in this pathway is the 677Cf T variation that leads
to a thermolabile form of methylenetetrahydrofolate reductase
(14). Recently, a common polymorphism in the MSR gene,
66A f G, has been described which has an allele frequency
of ∼0.51 in the North American population (15). This leads
to a change in the coding sequence from isoleucine to
methionine at position 22 and is reported to be correlated
with an increased risk for premature coronary artery disease
(16), spina bifida (15), and Down’s syndrome (17, 18). In
addition, this polymorphism is reported to be a genetic
determinant of elevated plasma homocysteine levels (19),
and 66AA homozygous males (29% in the Northern-Irish
population) were found to have a 4% increase in cardiovas-
cular risk as compared to 66GG homozygotes (19).

Besides this relatively well-studied polymorphism, a
second MSR variant containing leucine instead of serine at
position 175 came to our attention during our cloning
experiments, and its presence was confirmed by a separate
entry in the gene database (NCBI Annotation Project
GenBank entry XP_003862). This polymorphism occurs at
position 524 in the MSR coding sequence, and to our
knowledge, no genetic or population data have been reported
on it.

In the study presented here, we compare the kinetic and
spectroscopic properties of the I22/S175 enzyme, which we
have characterized previously, with the M22/S175 and I22/
L175 variants to assess the penalties, if any, that are
associated with these polymorphisms. Although the flavin
content and the spectroscopic properties of the three variants
are indistinguishable, they clearly differ in their efficacies
of reduction of the natural electron acceptor, methionine
synthase, and a number of unnatural electron acceptors.
These results provide important insights into how the
common polymorphism, I22M, could influence methionine
synthase activation under physiological conditions and reveal
a biochemical phenotype for the previously undescribed
S175L polymorphism.

MATERIALS AND METHODS

Chemicals and Reagents. Chemicals were purchased from
Sigma (St. Louis, MO) and enzymes from Life Technologies
(Rockville, MD) and Fermentas (Hanover, MD). Oligonucle-

otides were purchased from Sigma Genosys and Integrated
DNA Technologies (Coralville, IA). Glutathione Sepharose
4B, Sephacryl S200, and (6-R,S)-5-[14CH3]-H4folate (barium
salt, 55 mCi/mmol) were purchased from Amersham Phar-
macia (Piscataway, NJ). (6-R,S)-CH3-H4folate (calcium salt)
was obtained from Dr. Schirck’s laboratory (Switzerland).
All solvents were HPLC grade. Porcine livers were obtained
fresh from a local slaughterhouse, cubed, and stored frozen
at -80 °C until further use.

Generation of the Polymorphic Variants of Human Me-
thionine Synthase Reductase. Site-directed mutations were
engineered in the MSR expression vector pHOMSR (1),
using the QuickChange mutagenesis kit from Stratagene. The
parent plasmid contained isoleucine and serine at positions
22 and 175, respectively. Forward (5′-GGCATCACCTG-
CATCCTTGAGGACAGACCTTGTG-3′) and reverse (5′-
CACAAGGTCTGTCCTCAAGGATGCAGGTGATGCC-
3′) primers were designed to generate the first polymorphism
(I22/L175), by replacing serine 175 with leucine. ABglII-
KpnI fragment containing this mutation was exchanged with
the corresponding fragment in the parent plasmid. The
presence of the mutation is accompanied by the loss of an
XhoI restriction site and was initially verified by restriction
enzyme digestion and confirmed thereafter by DNA se-
quencing.

The M22/S175 variant was generated using a similar
strategy, using the following mutagenic primers [5′-
CCATCGCAGAAGAAATGTGTGAGCAAGCTGTGG-3′
(forward) and 5′-CCACAGCTTGCTCACACATTTCTTCT-
GCGATGG-3′ (reverse)]. ACsp45I-KpnI fragment was
exchanged with the corresponding fragment in the parent
plasmid. The introduction of the M22 mutation in the
resulting M22/S175 clone was verified by DNA sequencing.

Expression and Purification of Human Methionine Syn-
thase Reductase Variants and Porcine Methionine Synthase.
The MSR polymorphic variants, M22/S175 and I22/L175,
were expressed as GST fusion proteins inEscherichia coli
strain BL21(DE3), using the protocol described for the parent
clone (1). The GST tag was removed during purification by
limited proteolysis as described previously (1). Approxi-
mately 1.5 mg of MSR M22/S175 and 2 mg of I22/L175
were obtained per liter of culture. Porcine methionine
synthase was purified as described previously (20, 21).

FlaVin Cofactor Determination.The flavin cofactor content
was determined by HPLC (22) using a fluorescence detector,
as described previously (1).

UV-Visible Spectroscopic Analysis of MSR Polymor-
phisms. Redox titrations were performed in 50 mM Tris
buffer (pH 7.5) containing 10% (v/v) glycerol at room
temperature in an anaerobic chamber with a 95/5 N2/H2

atmosphere (oxygen concentration of<5 ppm). Protein
samples and titration reagents were made anaerobic by
flushing them with oxygen-free nitrogen. Enzyme solutions
were then titrated using aliquots of the NADPH solution as
the reductant, using concentrations that are described in the
figure legends.

EPR Spectroscopy. Enzyme reduced with 1 equiv of
NADPH under aerobic or anaerobic conditions was trans-
ferred to 4 mm quartz tubes and frozen in liquid nitrogen.
EPR spectra were recorded at 77 K in a Bruker ESP 300E
spectrometer equipped with a Hewlett-Packard microwave
frequency counter (model 5253B) and a Bruker gaussmeter

Methionine Synthase Reductase Polymorphisms Biochemistry, Vol. 41, No. 45, 200213379



(model ER 035). The spin concentration of the semiquinone
radical was quantified by double integration of the spectra
and comparison to a sample of 1 mM Cu(II)perchlorate, using
the Aasa-Va¨nngård correction for theg factor (23). Power
saturation of the signals was determined by analyzing the
dependence of the signal intensity on the microwave power
according to eq 1

whereI represents the signal intensity at a given powerP,
I0 represents the amplitude, andb is the homogeneity
parameter (24). Line widths were measured between the
extrema of the first derivatives of the recorded spectra.

Enzyme Assays.Enzyme activity was monitored in two
types of assays: methionine synthase activation and reduction
of artificial electron acceptors. The activity of MSR in
methionine synthase reactivation was performed as described
previously (1). The cytochromec reductase activity was
determined as described previously (1) except that 50 mM
Tris (pH 7.5) was employed as the buffer and the rates were
determined at 37°C. The reaction mixture for the assay (total
volume of 1 mL) with other electron acceptors contained
50 mM Tris buffer (pH 7.5), 100µM NADPH, MSR, and
varying concentrations of the electron acceptor. The reaction
was initiated by addition of enzyme, and the reaction rate
was monitored spectrophotometrically at 37°C. The fol-
lowing extinction coefficients were used to calculate the rates
of reduction of the individual substrates: 21 mM-1 cm-1 at
600 nm for DCIP (25) and 5.6 mM-1 cm-1 at 363 nm for
3-AcPy ADP (26). Reduction of ferricyanide, menadione,
and doxorubicin were assessed indirectly by following
NADPH oxidation at 340 nm. Background rates in the
absence of enzyme were subtracted from the rates recorded
in the presence of enzyme.

RESULTS

Expression and Purification of Polymorphic Variants of
MSR. The M22/S175 and I22/L175 variants were expressed
as GST fusion proteins and readily purified using a combina-
tion of affinity chromatography, thrombin cleavage, and
anion exchange chromatography steps employed previously
for the I22/S175 variant. The I22M polymorphism is located
in the putative FMN binding domain, while the S175L
polymorphism is close to the C-terminus of the same domain,
in the predicted linker region between the FMN and FAD/
NADPH binding domains. The variant proteins were purified
to >90% homogeneity as determined by SDS-PAGE
(Figure 1 of the Supporting Information). The chromato-
graphic behavior of the M22/S175 and I22/L175 variants
was identical to that of the previously described I22/S175
protein, suggesting that major conformational changes are
not induced by the mutations.

Characterization of the FlaVin Content of Methionine
Synthase Reductase Variants.HPLC analysis of heat-
denatured enzyme samples revealed the presence of FMN
and FAD, two fluorophores whose retention times exactly
matched those of commercially available standards. Quan-
titative evaluation of the peak areas showed that the FAD
content and the FMN content of purified MSR M22/S175
were 0.96( 0.04 and 0.97( 0.05 mol/mol of enzyme (mean
values ( SEM, n ) 3), respectively. For the I22/L175

variant, the FAD content and the FMN content were 0.96(
0.02 and 0.91( 0.03 mol/mol of enzyme (mean values(
SEM, n ) 3), respectively.

UV-Visible Spectra of Methionine Synthase Reductase.
The overall spectral characteristics of the M22/S175 and I22/
L175 MSR variants were similar to those of the I22/S175
protein (Figure 2). The oxidized enzymes had absorption
maxima at 380 and 454 nm. Reduction of oxidized MSR
I22/S175 under aerobic conditions led to the appearance of
an air-stable semiquinone with a broad long-wavelength
absorption centered at 580 nm (1). A stoichiometry of 1 mol
of NADPH/mol of enzyme was observed for maximal
semiquinone formation during aerobic titration of the I22/
S175 variant (Figure 3A). The I22/S175 and M22/L175
variants displayed identical behavior (data not shown). When
the titrations of the I22/S175 and M22/L175 variants were
performed anaerobically, reduction was observed to proceed
in two stages (Figure 3B,C). In the first stage, formation of
the blue neutral semiquinone with an absorption maximum
of 580 nm was seen. The maximal concentration of semi-
quinone was observed at a stoichiometry of 1 mol of
NADPH/mol of enzyme (Figure 3B). In the second stage,
complete reduction of the enzyme was observed at a

I ) I0[P/(1 + P/P1/2)
b]0.5 (1)

FIGURE 2: UV-visible absorbance spectra of the recombinant I22/
S175, M22/S175, and I22/L175 MSR variants. In each panel, the
spectra of the oxidized (a) and reduced semiquinone (b) form of
the enzyme [25, 9, and 14µM in the top, middle and bottom panels,
respectively, in 50 mM Tris buffer (pH 7.5)] are shown. The
reduced semiquinone was produced following the addition of a
5-fold molar excess of NADPH under aerobic conditions.
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stoichiometry of 2 mol of NADPH/mol of enzyme as
indicated by bleaching of the flavin absorption peaks at 380
and 454 nm (Figure 3C).

Characterization of the FlaVin Semiquinone Radical by
EPR Spectroscopy. The semiquinones formed during reduc-
tion under aerobic and anaerobic conditions were character-
ized by EPR spectroscopy, and the concentration of the
organic radical was determined (Figure 4). In the absence
of NADPH, an EPR signal was not observed. In the presence
of NADPH, an isotropicg ) 2.0 signal characteristic of an
organic semiquinone radical was seen. The EPR spectra of
both the blue neutral and red anionic semiquinone species
have the sameg value (27). However, they can be qualita-
tively distinguished by differences in their line widths (27),
i.e., the distance between the positive and negative extrema
in the first derivative of the recorded spectra (28, 29). The
neutral semiquinone is characterized by a line width of 19
G, while the anionic semiquinone signal is characterized by
a line width of 15 G. Intermediate values suggest a mixture
of the two types of the semiquinone. The EPR spectral line
width of all three MSR variants was 20 G, consistent with
the presence of a blue neutral semiquinone. The microwave
power saturation dependence of the EPR signal yielded a
P1/2 of 25 µW.

Spin concentrations of 0.8 and 1.8 spins/mol of enzyme
were observed for samples reduced under aerobic and
anaerobic conditions, respectively. This is consistent with
the presence of∼1 equiv of semiquinone/mol of enzyme
under aerobic conditions and∼2 equiv of semiquinone/mol

FIGURE 3: Reduction of oxidized I22/S175 MSR with NADPH
under aerobic and anaerobic conditions. (A) A sample of 13µM
MSR (23 nmol of flavin) in 50 mM Tris buffer (pH 7.5) was
reduced aerobically with a stock solution of 1 mM NADPH. Spectra
were recorded after incremental addition of 1µL (1 nmol) aliquots
of NADPH. The inset shows a plot of absorbance changes as a
function of the amount of reducing agent added. (B) A sample of
30 µM MSR (43 nmol of flavin) in 50 mM Tris buffer (pH 7.5)
was reduced anaerobically with a stock solution of 1 mM NADPH.
Spectra were recorded after incremental addition of 3µL (3 nmol)
aliquots of NADPH, up to a total amount of 25 nmol. (C) Spectra
recorded for the same sample as described for panel B, upon
incremental addition of NADPH to a total amount of 80 nmol. The
inset in panel B shows a plot of absorbance changes as a function
of the amount of NADPH added.

FIGURE 4: EPR spectra of reduced I22/S175 MSR. (A) MSR (25
µM) in 50 mM Tris buffer (pH 7.5) was reduced aerobically with
100 µM NADPH. EPR conditions were as follows: temperature,
77 K; microwave frequency, 9.466 GHz; microwave power, 20µW;
gain, 20 000; modulation frequency, 100 kHz; and modulation
amplitude, 4.039 G. (B) MSR (26µM) in 50 mM Tris (pH 7.5)
was reduced anaerobically with 26µM NADPH. EPR conditions
were as described for panel A.
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of enzyme under anaerobic conditions as seen by electronic
absorption spectroscopy (Figure 3).

Methionine Synthase Reductase ActiVity. The M22/S175
and I22/L175 variants reactivate methionine synthase activity
in a saturable manner, as seen previously with the I22/S175
protein. Activation of methionine synthase by MSR exhibits
an ionic strength dependence with a maximum at∼220 mM
(1), which is similar in all three variants (data not shown).
A comparison of the Michaelis-Menten parameters for the
activation of methionine synthase reveals thatVmax is
unaffected by the polymorphisms (Table 1). However, 4-
and 3-fold higher molar ratios of MSR to methionine
synthase are required for maximal activation with the M22/
S175 and I22/L175 variants, respectively, as compared to
that of the I22/S175 enzyme.

RelatiVe Efficacies of MSR Variants in Electron Transfer
to Artificial Electron Acceptors. The cytochromec reductase
activities of the M22/S175 (1297 nmol mg-1 min-1) and I22/
L175 (1297 nmol mg-1 min-1) variants were∼1.5-fold lower
than that of the I22/S175 variant (1893 nmol mg-1 min-1).
The kinetic parameters for the reduction of other one- and
two-electron acceptors by I22/S175 MSR are compared to
the activities of other dual flavoprotein oxidoreductases, viz.,
cytochrome P450 reductase, NR1, and nitric oxide synthase,
in Table 2. In addition to the commonly used artificial
acceptors, viz., potassium ferricyanide, DCIP, and 3-AcPy
ADP, we have also examined the reduction of the anticancer
drug doxorubicin and the oxidative stress inducing agent
menadione. The activity of I22/S175 MSR is comparable to
those of NR1 (30) and the reductase domain of bovine nitric
oxide synthase III (31) but lower than that of cytochrome
P450 reductase (30-32). The reduction of artificial electron
acceptors by the M22/S175 and I22/S175 variants is com-
pared in Table 3. In each case, theKms for the substrate are
similar, but theVmax of the M22/S175 variant is∼1.4-fold
lower than that for the I22/S175 enzyme.

DISCUSSION

The biochemical properties of a common polymorphism
(I22M) and a second one (S175L) in human MSR have been

examined in this study. The I22M polymorphism in MSR
has a high allele frequency of∼0.55 for the M22 allele in
the populations studied so far (15, 19, 33), and it appears to
represent a risk factor for premature cardiovascular disease
(16), neural tube defects (15), and Down’s syndrome (17,
18). The high prevalence of this MSR polymorphism
underscores a critical need to assess the biochemical
phenotypes associated with the products of the two alleles.
The location of the I22M polymorphism in the predicted
FMN domain suggests that it may influence the interaction
between MSR and its redox partner, methionine synthase.
In this study, we have focused primarily on comparing the
kinetic and spectroscopic properties of the I22M variant
in addition to characterizing a second polymorphism,
S175L.

The high allele frequency of the I22M polymorphism
renders the task of assigning the parental allele difficult.
However, sequence comparison of MSR and other dual
flavoproteins, viz., flavodoxins, cytochrome P450 reductases,
nitric oxide synthases, and NR1, reveals that the residue at
the equivalent position is either isoleucine, leucine, or valine
(Figure 5). Methionine is not seen in proteins in this family
at the homologous position (15). On the basis of this analysis,
the I22 genotype is assigned as the “wild type” and M22 as
the polymorphic variant.

The I22M variation is located in the FMN domain, as
predicted by the sequence comparison with P450 reductase
and related proteins (3). In analogy to the bacterial system
in which the FMN-containing flavodoxin serves as the
proximal electron donor of methionine synthase, the FMN
domain of MSR is predicted to interact with human me-
thionine synthase (34, 35). Methionine synthase undergoes
a significant structural reorganization during the transition
from the catalytically active to inactive state, which is
effected by major domain movements (36). Residue I22 in
E. coli flavodoxin is the homologue of I22 in human MSR
and, though only partially surface exposed, is located at the
edge of the surface that binds bacterial methionine synthase
(Figure 6). In fact, the adjoining residues (K20, M21, and
K24) contribute to the binding surface that interacts with
the AdoMet domain ofE. coli methionine synthase (35). This
suggests that an If M substitution at this position could
influence the interaction between the two redox partners and
consequently impact methionine synthase activation (Figure
6). The effect of this polymorphism on the affinity for FMN
has not been determined directly; however, both the I22/
S175 and M22/S175 variants are isolated with 1/1 ratios of
FMN or FAD per mole of MSR. This issue is germane
because riboflavin, the precursor of FMN and FAD cofactors,
is an independent genetic determinant of plasma homocys-

Table 1: Steady State Kinetic Parameters for Methionine Synthase
Activation by MSR Polymorphic Variants

variant Vmax (µmol min-1 mg-1) MSR/MS forVmax

I22/S175a 2.2( 0.1 3.1( 0.5
M22/S175 2.3( 0.1 12.4( 1.4
I22/L175 2.4( 0.1 10.3( 0.9
a Results taken from ref1. MS denotes methionine synthase.

Table 2: Comparison of Reductase Activity with Artificial Electron
Acceptors in Members of the Dual Flavoprotein Oxidoreductase
Family

kcat (s-1)

enzyme ferricyanide DCIP
3-AcPy
ADP menadione doxorubicin

MSR I22/S175 8.24 0.43 0.86 1.61 1.61
P450 reductase 164.8a 32.67a 2.02a 41.9b 15.4b

NR1c 4.5 NDe NDe 0.9 0.6
NOS III

reductased
NDe NDe NDe 2.07 1.45

a Rat liver cytochrome P450 reductase (results taken from ref30).
b Human recombinant cytochrome P450 reductase (results taken from
ref 28). c Results taken from ref28. d Reductase domain of bovine nitric
oxide synthase III (results taken from ref29). e Not determined.

Table 3: Comparison of the Kinetic Parameters for Reduction of
Artifical Electron Acceptors by MSR Variants

MSR I22/S175 MSR M22/S175

substrate Vmax
a Km (µM) Vmax

a Km (µM)

ferricyanide 5440( 182 774( 53 3819( 226 663( 87
DCIP 515( 32 3.8( 0.8 346( 13 2.3( 0.5
3-AcPy ADP 661( 30 18( 1.5 866( 12 17.7( 0.8
menadione 1241( 30 18( 1.5 866( 12 17.7( 0.8
doxorubicin 1233( 45 28.6( 3.3 853( 35 36.6( 4.4

a Vmax is expressed in units of nanomoles per milligram per minute
at 37°C.

13382 Biochemistry, Vol. 41, No. 45, 2002 Olteanu et al.



teine (37). Interestingly, flavin dissociation from methyl-
enetetrahydrofolate reductase containing the 677Cf T
polymorphism, which displays a lower affinity for the
cofactor, is thought to lead to the higher homocysteine levels
associated with this genotype (38).

The high prevalence of the I22M variation suggests that
differences in the biochemical phenotypes of each polymor-
phism will be subtle rather than catastrophic. To assess the
biochemical consequences of this polymorphism, we have
compared the spectroscopic and kinetic properties of the
variants. Both the I22/S175 (Figure 3) and M22/S175 (data
not shown) variants of MSR exhibit identical electronic
absorption changes on reduction with NADPH under aerobic
or anaerobic conditions. Under aerobic conditions, formation
of the semiquinone was maximal at a stoichiometry of 1 mol
of NADPH/mol of enzyme. Under anaerobic conditions,
maximal semiquinone formation was also observed at a
stoichiometry of 1 mol of NADPH/mol of enzyme and was
followed by complete flavin reduction at a stoichiometry of
2 mol of NADPH/mol of enzyme.

Yeast,ArabidopsisATR1 (39), mammalian cytochrome
P450 reductases (40, 41), and neuronal nitric oxide synthase
(42) are isolated with an air-stable blue semiquinone. In these
proteins, the FMN hydroquinone is the electron donor and
the FMN semiquinone has the highest redox potential (41).
These enzymes cycle between the one-, three-, two-, and
one-electron-reduced states during catalysis (41). In contrast,
the flavins in the bacterial P450 BM3 fromBacillus
megaterium, which is a fusion between a cytochrome P450
and cytochrome P450 reductase, are completely oxidized as

isolated (43). Reduction of P450 BM3 with 1 equiv of
NADPH under anaerobic conditions does not lead to the
formation of semiquinone intermediates, and the protein
cycles between the 0, 2, 1, and 0 reduction states during
catalysis. The FMN semiquinone serves as the electron donor
to heme, and the FMN hydroquinone has the highest redox
potential (41, 43).

The three MSR variants are isolated with the flavins in
the completely oxidized state rather than in the semiquinone
state. Despite this, MSR resembles the eukaryotic rather than
the prokaryotic reductases described above. Thus, semi-
quinone intermediates are formed in the presence of 1 equiv
of NADPH under both aerobic and anaerobic conditions as
seen by electronic absorption (Figure 3) and EPR (Figure
4) spectroscopy. In contrast, flavin hydroquinone is formed
in bacterial P450 BM3 in the presence of 1 equiv of NADPH.
Understanding the pathway for electron flow in human MSR
awaits detailed analysis of the potentials of each redox couple
for the two flavin cofactors. However, unlike the other
reductases discussed above, which transfer electrons in two
one-electron steps to their physiological partners, human
MSR presumably transfers a single electron to the cob(II)-
alamin in methionine synthase in each reductive repair
reaction. This raises the potentially important issue of how
the enzyme discharges the second electron, particularly if
the resting form is not a one-electron-reduced species.
Uncoupled oxygen activation by nitric oxide synthase
generates superoxide anion and is observed in the absence
of arginine (44).

Activation of methionine synthase by the three variants
revealed that a 3-4-fold higher ratio of MSR to methionine
synthase is necessary with the I22/L175 and M22/S175
variants to achieve the sameVmax that is seen for the I22/
S175 enzyme. The ionic strength dependence of methionine
synthase activation is unaffected by these substitutions. Thus,
the steady state kinetic analysis indicates a significantly
decreased affinity for methionine synthase accompanying
substitution of I22 with M22 and S175 with L175. The
unavailability of recombinant mammalian methionine syn-
thase precludes direct assessment of the binding affinities
between the redox partners as has been done with the
bacterial enzymes (35, 45) because the wild-type enzyme
can be purified in only very small quantities (46). The 3-4-
fold difference in the affinities in the MSR variants for
methionine synthase suggested by the steady state kinetic
analysis seems to be large for a polymorphism with high
prevalence. However, it is important to note that methionine
synthase reactivation is necessary occasionally rather than
in every turnover cycle. In bacteria, it is estimated that
methionine synthase leaks out of the catalytic cycle once
every 2000 turnovers (47, 48). Thus, Nature is able probably

FIGURE 5: Amino acid sequence comparison of human MSR (MSR_HUMAN, SwissProt accession number Q9UBK8-01),E. coli flavodoxin
(FLAV_ECOLI, SwissProt accession number P23243), human cytochrome P450 reductase (CPR_HUMAN, SwissProt accession number
P16435), human neuronal nitric oxide synthase (NOS1_HUMAN, SwissProt accession number P29475), and human NR1 (NR1-HUMAN,
SwissProt accession number Q9UHB4). Residues corresponding to isoleucine 22 in MSR are highlighted in the gray box.

FIGURE 6: Location of isoleucine 22 in flavodoxin and in the
modeled structure of the FMN binding domain of human MSR.
(A) Structure of bacterial flavodoxin (PDB entry 1AHN) showing
FMN in stick display. The surface residues that interact with the
AdoMet binding domain of methionine synthase as described in
refs 34 and35 are shown in space filling representation, and the
location of residue I22 is indicated. (B) Modeled structure of the
M22 variant of the FMN binding domain of human MSR, showing
the location of the polymorphic residue and of the cofactor in stick
display. The model was generated using the automated homology
modeling server Swiss-Model (49).

Methionine Synthase Reductase Polymorphisms Biochemistry, Vol. 41, No. 45, 200213383



to tolerate the 4-fold difference between the polymorphic
variants because of the occasional need for the activation
system.

The ability of MSR to reduce artificial electron acceptors
is interesting because some of these are biologically impor-
tant, viz., activation of the chemotherapeutic agent doxoru-
bicin. Comparison of the cytochromec reductase activity of
the I22/S175 enzyme to that of the related flavoenzymes,
P450 reductase and NR1, has been reported previously (1).
In this study, we have examined the activity of the MSR
variants, I22/S175 and M22/S175, with a set of artificial
electron acceptors (Table 3) and compared the catalytic
properties of MSR I22/S175 with those of other diflavoen-
zymes (Table 1). The I22/S175 and M22/S175 variants
exhibit the sameVmax values. However, theKm for the M22/
S175 variant is 1.4-fold lower with all the acceptors that were
examined than that of the I22/S175 enzyme.

The difference in the efficiencies of the I22/S175 and M22/
S175 variants in activating methionine synthase may explain
the elevated homocysteine level reported in subjects who
are homozygous for the M22 polymorphism (19). Other
interacting factors such as nutritional, specifically vitamin,
status are also likely to contribute to hyperhomocysteinemia.
As noted in a recent study, compound heterozygosity for
multiple polymorphic alleles of MSR and methylenetetrahy-
drofolate reductase may play a role in the etiology of birth
defects and cardiovascular disease (33).

In addition to the polymorphic variation at residue 22, we
have characterized the variation at residue 175. This poly-
morphism is identified from comparison of MSR sequences
in the database, but its prevalence is unknown. The I22/L175
variant required a 3-fold higher ratio of MSR to methionine
synthase to achieve full activation as compared to the I22/
L175 variant. Thus, the phenotypic manifestation of this
variant is also in the interaction between the redox partners,
MSR and methionine synthase.

In summary, this study reveals a significant difference in
the relative efficacies of the very common polymorphic
variant of MSR, I22M, and suggests a molecular mechanism
underlying the risk associated with the M22 allele for mild
hyperhomocysteinemia.

SUPPORTING INFORMATION AVAILABLE

Variant proteins purified to>90% homogeneity as deter-
mined by SDS-PAGE. This material is available free of
charge via the Internet at http://pubs.acs.org.
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