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ABSTRACT: Methionine synthase (MS) is a cobalamin-dependent enzyme. It transfers a methyl group from
methyltetrahydrofolate to homocysteine forming methionine and tetrahydrofolate. On the basis of sequence
similarity with Escherichia colicobalamin-dependent MS (MetH), human MS comprises four discrete
functional modules that bind from the N- to C-terminus, respectively, homocysteine, methyltetrahydrofolate,
cobalamin, andS-adenosylmethionine (AdoMet). The C-terminal activation domain also interacts with
methionine synthase reductase (MSR), a NADPH-dependent diflavin oxidoreductase required for the
reductive regeneration of catalytically inert cob(II)alamin (which is formed every 200-1000 catalytic
cycles of MS) to cob(I)alamin. We have investigated complex formation between the (i) MS activation
domain and MSR and (ii) MS activation domain and the isolated FMN-binding domain of MSR. We
show that the MS activation domain interacts directly with the FMN-binding domain of MSR. Binding
is weakened at high ionic strength, emphasizing the importance of electrostatic interactions at the protein-
protein interface. Mutagenesis of conserved lysine residues (Lys1071 and Lys987) in the human activation
domain weakens this protein interaction. Chemical cross-linking demonstrates complex formation mediated
by acidic residues (FMN-binding domain) and basic residues (activation domain). The activation domain
and isolated FMN-domain form a 1:1 complex, but a 1:2 complex is formed with activation domain and
MSR. The midpoint reduction potentials of the FAD and FMN cofactors of MSR are not perturbed
significantly on forming this complex, implying that electron transfer to cob(II)alamin is endergonic. The
kinetics of electron transfer in MSR and the MSR-activation domain complex are similar. Our studies
indicate (i) conserved binding determinants, but differences in protein stoichiometry, between human MS
and bacterial MetH in complex formation with redox partners; (ii) a substantial endergonic barrier to
electron transfer in the reactivation complex; and (iii) a lack of control on the thermodynamics and kinetics
of electron transfer in MSR exerted by complex formation with activation domain. The structural and
functional consequences of complex formation are discussed in light of the known crystal structure of
human activation domain and the inferred conformational heterogeneity of the multidomain MSR-MS
complex.

Methionine synthase (MS1) (EC 2.1.1.13) is an important
enzyme for folate and homocysteine metabolism in mam-
mals. The enzyme uses cob(I)alamin, a powerful nucleophile,

to abstract a methyl group from CH3-H4folate to form
methylcob(III)alamin and H4-folate. The methyl group is
subsequently transferred from methylcob(III)alamin to-
homocysteine to form methionine and cob(I)alamin [eqs 1
and 2; (1)].

Occasionally (every 200-1000 catalytic cycles), cob(I)-
alamin loses an electron, rendering MS inactive (2). In a
unique reactivation mechanism, the inactive form (cob(II)-
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CH3-H4folate+ cob(I)alaminf H4-folate+
methylcob(III)alamin (1)

homocysteine+ methylcob(III)alaminf methionine+
cob(I)alamin (2)
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alamin) of the MS cofactor is reductively remethylated to
form methylcob(III)alamin. In this reactivation mechanism,
a complex is formed between MS and the diflavin oxi-
doreductase methionine synthase reductase (MSR), and
electrons derived from the MSR-catalyzed oxidation of
NADPH are transferred to the inactive from of MS (3, 4).
This long-range electron transfer in the MS-MSR complex
facilitates methyl group transfer from AdoMet to MS [eq 3;
(5)], thus generating methylcob(III)alamin, and MS is
returned to the primary catalytic cycle.

Reactivation of theE. coli homologue of hMS, cobalamin-
dependent methionine synthase (MetH), involves two inde-
pendent flavoproteins, ferredoxin-NADP+ oxidoreductase
(FNR) and flavodoxin (Fld) (6). FNR is an FAD-containing
enzyme that transfers electrons from NADPH to the FMN
cofactor of flavodoxin. In the inactive state, MetH assembles
with reduced Fld, and electron transfer to cob(II)alamin
regenerates the active form of MetH (7).

The role of MS-MSR in human metabolism is multifac-
eted: MS recycles homocysteine, releases tetrahydrofo-
late, and produces methionine, a precursor for AdoMet
biosynthesis. Impairment of MS or MSR activity can lead
to high blood homocysteine levels, a condition linked to
cardiovascular disease, neurological birth defects, and
certain cancers, and a reduction in tetrahydrofolate pools,
which impairs protein and DNA synthesis and ultimately cell
division (8-11). The primary structure of human MSR
(78 kDa) reveals two distinct flavin-binding domains, an
architecture typical of the diflavin reductase family. Mam-
malian enzymes that belong to this family include the nitric
oxide synthases [NOS; (12, 13)] human novel oxido-
reductase 1 [NR1; (14)] and cytochrome P450 reductase
[CPR; (15)]. These enzymes contain an N-terminal NADPH/
FAD-binding domain (related to FNR), a connecting do-
main, and a C-terminal flavodoxin-like FMN-binding do-
main (Figure 1). In addition, there is a linker tethering the
connecting domain with the FMN-domain which is ex-
tended by a further 90 residues in MSR. This extended
linker might confer relative mobility of the flavin-

FIGURE 1: Molecular architecture of diflavin reductases. (Panel A) Ribbon diagram showing the structure of CPR, the prototype of the
family. The FMN-domain is shown in blue, the connecting domain in red, the FAD domain in green, and the NADPH-binding domain in
magenta. The cofactors are shown in ball and stick representation: FAD(purple), FMN (yellow), and NADP+ (cyan). The hinge region
(dashed loop) between the FMN-domain and the connecting domain is disordered in the CPR structure. (Panel B) Linear diagram comparing
domain arrangement between MSR, CPR, and the reductase domain of NOS. Each cofactor binding domain is indicated and colored to
match panel A. For CPR, HT refers to the N-terminal hydrophobic tail; for NOS, AH and CT denote the autoinhibitory helix and C-terminal
domain, respectively. The connecting domain is abbreviated CD. The numbers above the box indicate approximate amino acid positions.

S-AdoMet + cob(II)alamin+ e- f S-AdoHyc +
methylcob(III)alamin (3)
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binding domains in MSR, and thus have a role in formation
of the MS-MSR complex.

Fld forms mutually exclusive complexes with FNR and
MetH and interacts with FNR and MetH using the same
surface region of Fld (16). Thus, formation of a ternary
complex between all three proteins is not possible. A similar
mode of recognition in the human system would require
movement of the FMN-domain between the NADPH/FAD-
domain of MSR and MS while being tethered to the FAD-
domain by the extended connecting domain. A similar
mechanism has been suggested for neuronal nitric oxide
synthase (nNOS) to shuttle electrons between the NADPH/
FAD-domain and heme-dependent oxygenase domain (17).

Determination of the crystal structure of human MS
activation domain represents an important step in under-
standing the mechanism of electron transfer in the human
MS-MSR complex. Although the structure of human
activation domain closely resembles the activation domain
of MetH (18), there are (minor) structural differences
centered around residue Lys987 (19). The corresponding
residue (Lys959) in MetH is implicated in complex formation
with Fld by forming a salt bridge with residue Glu61 of Fld
(20). The observed structural differences between the MetH
and human activation domains suggest a different mode of
interaction with their cognate redox partners. Partner interac-
tions are specific: MSR cannot reactivate MetH, andE. coli
FNR/FLD cannot substitute for MSR in the reactivation of
human MS (21).

We have demonstrated major differences in the thermo-
dynamic driving force for electron transfer in MSR compared
with theE. coli system (22). The midpoint potentials of the
FMNox/sq (-260 mV) and FMNsq/hq (-440 mV) of Fld (23)
are substantially more electronegative than the corresponding
couples in MSR [FMNox/sq ) -109 mV, and FMNsq/hq )
-227 mV; (22)]. If the potential of the cob(II)alamin/cob-
(I)alamin in human MS is similar to that reported for MetH
[-490 mV; (23)], there is a substantial thermodynamically
unfavorable barrier for electron transfer from MSR to MS.
Perturbation of the MSR redox potentials in the MS-MSR
complex might provide a solution to the presence of this
endergonic barrier in the uncomplexed partner proteins. The
rearrangement of residues close to flavin cofactors is known
to influence the reduction potentials of other flavoproteins
(24).

In this article, we have investigated structural determinants
and functional consequences of complex formation in the
human MS-MSR complex. We highlight some similarities
and also the major differences in the reactivation complexes
of the human andE. coli systems. We show that complex
formation does not perturb the thermodynamic driving force
or the kinetics of electron transfer in human MSR, supporting
the view that the reactivation chemistry involves a major
endergonic electron transfer step, absent in theE. coli system,
on conversion of cob(II)alamin to cob(I)alamin. We dem-
onstrate a role for electrostatic stabilization of the human
MSR-MS complex and different complex stoichiometries
with full-length MSR and the isolated FMN-domain of MSR.
Our data are discussed in light of the recent structural
determination of the activation domain for human MS (19).

EXPERIMENTAL PROCEDURES

Materials. Restriction enzymes were supplied by New
England Biolabs. CompetentE. coli XL1 Blue cells andPfu
Turbo DNA polymerase were supplied by Stratagene.
Complete protease inhibitor tablets were from Roche. All
other reagents were from Sigma Chemical Company.

Preparation of Proteins. The recombinant form of the hMS
activation domain was purified as previously described (19).
Full-length MSR and the component activation domain were
expressed and purified with a minor modification to the
published protocol (22). The procedure for purifying MSR
and the individual flavin domains was adapted from literature
supplied by Novagen. The cell pellet was resuspended in
buffer A (4.3 mM Na2HPO4, 1.47 mM KH2PO4, 0.137 M
NaCl, 2.7 mM KCl at pH 7.3, 1 mM EDTA, and 1 mM
DTT) supplemented with complete protease inhibitor tablets.
The cells were lysed by the addition of 200µg/mL lysozyme
and by sonication (8× 20 s pulses at 25% power with 3
min intervals using a Bandelin sonoplus GM2600). The
lysate was centrifuged at 15,000g for 50 min, and the
supernatant was loaded onto a glutathione-Sepharose 4B
column (75 × 39 mm) equilibrated with buffer A. The
column was washed with 3 L of buffer A. The chimeric
protein, GST-MSR, was eluted with buffer B (50 mM Tris-
HCl at pH 7.5, 1 mM DTT, 1 mM EDTA, and 10 mM
glutathione). The GST-tag was cleaved from MSR by
incubation with thrombin at 4°C. MSR was dialyzed (16 h)
against buffer A to remove glutathione. The cleaved MSR
was reapplied to a glutathione-Sepharose 4B column (54×
30 mm) equilibrated with buffer A. MSR was separated from
the remaining glutathione-binding proteins by washing the
column with buffer A. MSR was dialyzed (16 h) against 50
mM Tris HCl at pH 7.5 and 4°C. The protein was purified
further by anion-exchange chromatography on a Q-Sepharose
high-performance column (145× 25 mm) and eluted using
a linear gradient ranging from 0 to 0.5 M NaCl in 50 mM
Tris-HCl, pH 7.5; at a flow rate of 4 mL/min. The MSR
fractions, as indicated by absorbance at 450 and 275 nm,
were collected and concentrated by ultrafiltration. The protein
was dialyzed against 50 mM Tris-HCl buffer at pH 7.5,
containing 50% glycerol, and stored at-80 °C. The FMN-
domain was expressed, purified, and stored using the same
purification protocol. The concentration of MSR and the
FMN-domain was determined by absorbance values at 450
nm with molar extinction coefficients of 25,600 and 14,700
M-1 cm-1, respectively.

Mutagenesis of PutatiVe Interface Residues of Human MS
and MSR.The QuikChange protocol was employed (Strat-
agene) to create site-directed mutants of the MS activation
domain and the MSR FMN-domain. The complementary
primers, 5′-CTA CCA CGG GCA CCG GAG CCC CAC
CCG ACA CAG CC-3′ and 5′-GGC TGT GTC GGG TGG
GGC TCC GGT GCC CGT GGT AG-3′, were used to
generate the D65A mutation in pGEXFMNH (22), the
expression construct for the FMN-domain. The forward and
reverse primers, 5′-TGG CAG CTC CGG GGC ACG TAC
CCG AAT CGA GGC-3′ and 5′-GCC TCG ATT CGG GTA
CGT GCC CCG GAG CTG CCA G-3′, were employed for
generating the K987T mutation in pETACT (expression
plasmid for the MS activation domain) (19), while the
K1071T mutation in the same plasmid was produced with
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the following complementary primers: 5′-GGC AAC AGG
CTG AGA CGG ACT CTG CCA GCA CG-3′ and 5′-CGT
GCT GGC AGA GTC CGT CTC AGC CTG TTG CC-3′.
The mutant plasmids were sequenced (MWG Biotech,
London) to ensure that no other base changes had occurred.
The plasmids encoding the FMN-domain and the MS
activation domain mutant proteins were transformed intoE.
coli strain BL21(DE3), and the recombinant proteins were
expressed and purified as for wild type proteins.

Chemical Cross-Linking.To cross-link the MSR FMN-
domain and MS activation domain, the reagents 1-ethyl-3-
[3-(dimethylamino)propyl]carbodiimide (EDC) and sulfo-N-
hydroxysuccinimide (NHC) were employed in a two-step
reaction at room temperature. The FMN-domain (25µM)
and the activation domain (25µM) were incubated separately
for 5 min with 5 mM EDC and 5 mM sulfo-NHS in 20 mM
2-N-(morpholino)ethanesulfonic acid buffer at pH 6.0. The
reaction was quenched by the addition of 20 mM 2-mer-
captoethanol, and then the partner protein was added to the
sample. After 2 h, the reaction was terminated by the addition
of 10 mMN-hydroxylamine, which regenerates those acidic
residues that had been converted to the succinimidyl ester
intermediate with EDC and sulfo-NHS but were unable to
cross-link. Samples were then analyzed by SDS-PAGE gel
electrophoresis using 12% SDS-polyacrylamide gels.

Fluorescence Measurements.Fluorescence quenching ex-
periments were performed in 50 mM Tris-HCl at pH 7.5
and 25 °C in a 3 mL volume using a Cary Eclipse
Fluorescence Spectrophotometer (Varian). The FMN-domain
(0.25µM) was excited at 450 nm (the absorbance maximum
of the flavin cofactor), and emission spectra were recorded
between 500 and 600 nm. Excitation and emission slit widths
were 10 and 5 nm, respectively. After addition of activation
domain (1-8 µL samples from a concentrated protein stock
solution), the sample was mixed and incubated for 1 min
before emission spectra were recorded. The change in
fluorescence of the emission maximum (529 nm) was plotted
against the concentration of the activation domain and the
data were fit to eq 4

where∆F represents the change in fluorescence intensity,
F0 is the fluorescence intensity in the absence of the
activation domain,E0 is the concentration of the FMN-
domain,L denotes the concentration of the activation domain
added to the sample, andKd represents the dissociation
constant. Fluorescence binding assays involving the mutant
forms of the FMN-domain and the activation domain
employed the same protocol, and data were analyzed by the
same method. The dependence of ionic strength on binding
affinity was determined in 50 mM Tris-HCl at pH 7.5, to
which a variable amount of KCl was added.

Isothermal Titration Calorimetry.Isothermal titration
calorimetry (ITC) was performed using a VP-ITC micro-
calorimeter (Microcal Inc.). Protein samples were exchanged
into 50 mM Tris HCl at pH 7.5 by dialysis. The concentration
of the activation domain was determined using the Bradford
assay with BSA as the standard. Titrations were performed
at 25 °C, and protein solutions were degassed by vacuum

aspiration for 8 min at 23°C prior to loading the samples in
the ITC cell and syringe. Aliquots (10µL) of MSR or the
isolated FMN-domain at concentrations of 0.9-1.1 mM were
titrated into 1.28 mL of 120-190µM MS activation domain
at 360 s intervals with a stirring speed of 350 rpm. Parallel
experiments were performed by injecting the FMN-domain
and MSR into buffer or the buffer into the activation domain
to determine heats of dilution. The heats of dilution were
negligible and subtracted from their respective titrations prior
to data analysis. Thermodynamic parameters,n (stoichiom-
etry),Kd (1/KA the association constant), and∆H° (enthalpy
change), were obtained by nonlinear least-squares fitting of
experimental data using the single-site binding model of the
Origin software package (version 5.0) provided with the
instrument. The free energy of binding (∆G°) and entropy
change (∆S°) were obtained using the following equations.

Spectroelectrochemical Redox Potentiometry.Redox ti-
trations were performed in a Belle Technology glove box
under a dinitrogen atmosphere, maintained at less than 5 ppm
oxygen. The buffer solution used (50 mM Tris-HCl buffer
at pH 7.5) was extensively bubbled with nitrogen and then
introduced to the glove box and allowed to equilibrate with
the oxygen-free atmosphere for 16 h. A concentrated (0.3-
0.5 mM) 1-2 mL sample of protein (MSR or FMN-domain)
was transferred into the glove box and applied to a Pharmacia
PD-10 desalting column equilibrated with the anaerobic
buffer to remove oxygen. The eluted protein (FMN-domain
or MSR) was diluted to 8 mL with the anaerobic titration
buffer (50 mM Tris-HCl buffer at pH 7.5) to a final
concentration of∼30 µM. Anaerobic solutions of the
activation domain were obtained similarly and were added
at a concentration of 50µM to the flavoprotein sample, where
appropriate. The following mediators were added to the 8
mL protein samples to facilitate electron exchange between
enzyme and electrode: 2µM phenazine methosulfate, 5µM
2-hydroxy-1,4-naphthoquinone, 0.5µM methyl viologen, and
1 µM benzyl viologen. Protein solutions were reduced slowly
with 0.5-1 µL aliquots of sodium dithionite taken from
concentrated stock solutions (typically 10-50 mM). After
each addition of reductant, the absorbance spectrum (300-
800 nm) was recorded using a Cary UV-50 Bio UV-visible
scanning spectrophotometer. Following attainment of equi-
librium, the electrochemical potential of the solution was
measured using a Hanna pH 211 meter coupled to a
Pt/Calomel electrode (ThermoRussell, Ltd.) at 25( 2 °C.
The electrode was calibrated using the Fe3+/Fe2+ EDTA
couple as a standard (+108 mV). A factor of+244 mV was
used to correct relative to the standard hydrogen electrode.

The redox potential of FMNox/sq and FMNsq/hq couples of
the isolated FMN-domain were determined by plotting the
absorbance values at 454 and 600 nm, the near absorbance
maxima for the fully oxidized flavin and blue neutral
semiquinone, against the recorded potential (22). The data
were fit by nonlinear least-squares regression analysis to eq
7, which is derived by extension of the Beer-Lambert law
and the Nernst equation and describes a two-electron
reduction process.

∆F ) F0 + 2∆Fmax(E0 + L + Kd) -

x(E0 + L + Kd)
2 - 4E0L (4)

∆G° ) - RT ln KA (5)

∆G° ) ∆H° - T∆S° (6)
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In eq 7,A is the total absorbance;a, b, andc are component
absorbance values contributed by a flavin in the oxidized,
semiquinone, and reduced states, respectively.E is the
observed potential;E1′, andE2′, are the midpoint potentials
for oxidized/semiquinone and semiquinone/hydroquinone
couples, respectively.

Determination of the four midpoint potentials in full-length
MSR relied on absorbance values at 425 and 501 nm, which
are isosbestic points shown in the spectral titration of MSR.
The absorbance at 501 nm (apparent isosbestic point for the
FAD and FMN oxidized/semiquinone couples) and 425 nm
(isosbestic for the FAD and FMN semiquinone/hydroquinone
couples) were plotted versus the potential, and the data were
fit to eq 7 to obtain approximations of the opposite redox
couples. Optical potentiometry experiments with MSR were
also analyzed by global analysis using SpecFit/32 (Bio-Logic
Science Instruments, Grenoble, France). The spectra were
deconvoluted, and the potentials were determined using a
Nernstian model with five species and fourn ) 1 poten-
tials: a T b T c T d T e.

Stopped-Flow Kinetic Measurements.Stopped-flow studies
were performed using an Applied Photophysics SX.17 MV
stopped-flow spectrophotometer. Experiments were per-
formed under anaerobic conditions at 25°C in 50 mM Tris-
HCl buffer at pH 7.5, and the protein concentration was
13 µM (reaction cell concentration). The sample handling
unit of the stopped-flow instrument was contained within a
glove box (Belle Technology), and the buffer was made
anaerobic by extensive bubbling with nitrogen before use.
Prior to stopped-flow studies, 2 mL of MSR was treated with
potassium ferricyanide, and excess ferricyanide and oxygen
were removed by rapid gel filtration in the glove box using
an Econo-Pac 10 DG column (Bio-Rad) equilibrated in
anaerobic 50 mM Tris-HCl buffer at pH 7.5. The activation
domain was made anaerobic by the same procedure and
added to the MSR sample where appropriate (final reaction
cell concentration of 40µM). Stopped-flow multiwavelength
absorption studies were carried out using a photodiode array
detector and X-SCAN software (Applied Photophysics Ltd.,
Surrey, U.K.). Spectral deconvolution was performed by
singular-value decomposition (SVD) methods using PROKIN
software (Applied Photophysics Ltd.).

RESULTS

Fluorescence Binding Assays.The binding affinity of the
activation domain for the isolated FMN-binding domain was
determined through fluorescence titration assays. The flavin
cofactor was excited near its absorption maximum (450 nm),
and the change in the emission spectrum was monitored
between 500 and 600 nm. Addition of the activation domain
to the FMN-domain resulted in a quenching of the intrinsic
flavin fluorescence, suggesting that the flavin chromophore
is shielded from the solvent in the protein-protein complex.
The decrease in the intensity of the fluorescence emission
spectra shows a hyperbolic dependence on the concentration
of the activation domain (Figure 2). A fit of eq 4 to the data
yielded the apparent dissociation constant (Kd of 1.5 µM)
for binding of the activation domain to the FMN-binding

region of MSR (Table 1). Electrostatic interactions on the
surface of the protein are likely to be important in complex
formation, as an increase in ionic strength results in a
decrease in binding affinity (Table 1).

Chemical Cross-Linking of ActiVation Domain and FMN-
Domain.To verify that the observed quenching of fluores-
cence emission spectra is a result of protein-protein
interaction, an attempt was made to covalently link the
activation domain to the FMN-binding domain using cross-
linking reagents. The structures ofE. coli flavodoxin (25)
and the FMN-domains of NOS (17) and CPR (15) reveal a
number of surface-exposed acidic residues, which are known
to be important for protein contact with physiological electron
acceptors. The corresponding partner protein contains a
cluster of basic residues that enable salt bridges to be formed
between the two partner proteins. To establish if this
electrostatic relationship is conserved in MS and MSR, EDC
and sulfo-NHS were used as cross-linking reagents. These
cross-linking reagents have been employed successfully in
cross-linking studies of the interaction of Fld with FNR,
MetH, and the MetH activation domain (20). The carbodi-
imide of EDC reacts specifically with acidic residues to
produce an unstable amine-reactive species. Sulfo-NHS
reacts with this species to form a more stable succinimidyl
ester, thereby increasing the amount of cross-linked species.
Thus, EDC and sulfo-NHS were added to the FMN-domain
or the activation domain to activate surface exposed acidic
residues. Following a short incubation period, the partner
protein was then added to the solution. If the activated acidic

A ) a10(E - E′1)/59 + b + c10(E′2 - E)/59

1 + 10(E - E′1)/59 + 10(E′2 - E)/59
(7)

FIGURE 2: Fluorescence titration of the FMN-domain with the MS
activation domain. The FMN-domain (0.25µM) was titrated with
activation domain under the conditions described in Experimental
Procedures. The change in flavin fluorescence intensity at 529 nm
was plotted versus the concentration of the activation domain, and
the curve shows the best fit of the data to eq 4. Table 1 lists the
calculated dissociation constants for the FMN-domain-activation
domain complex at different ionic strengths.

Table 1: Effects of Ionic Strength and Single Mutations on the
Dissociation Constant for the Activation Domain-FMN-Domain
Complex

enzyme salt concentration Kd (µM)

Act-domain wild-type 0 mM KClb 1.5( 0.1
60 mM KClb 10.9( 1.1
150 mM KClb 36.0( 1.9
300 mM KClb 43.2( 8.0

Act-domain K987Ta 8.9( 0.8
Act-domain K1071Ta 29.2( 2.6
FMN-domain M22Ia 1.7( 0.1
FMN-domain D65Aa 1.8( 0.2
a Titration was performed in 50 mM Tris-HCl at pH 7.5, as described

in Experimental Procedures.b Titration was performed with the wild
type activation domain as described in Experimental Procedures.
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residue of one protein is in close proximity to a basic residue
of the partner protein, the formation of an isopeptide bond
and cross-linked species is expected.

Treatment of the 32 kDa FMN-domain with EDC and
sulfo-NHS followed by the addition of the activation domain
results in the formation of a protein species of higher apparent
molecular weight, consistent with the presence of a cross-
linked complex between the activation domain and the FMN-
domain (Figure 3, lane 5). Analysis by mass spectrometry
of the trypsin-digested higher molecular weight species
revealed that this material comprised the activation and
FMN-domains. Reaction of the activation domain with EDC
and sulfo-NHS followed by subsequent addition of the FMN-
domain does not yield a cross-linked protein. These observa-
tions are consistent with the presence of acidic residues on
the surface of the FMN-domain that interact electrostatically
with basic residues found on the surface of the activation
domain during complex assembly.

Effects of Surface Mutations on Binding Affinity.Succin-
imidyl esters are essentially specific for lysine residues, and
surface lysines were therefore considered to be the only basic
amino acids involved in cross-linking the activation domain
and the FMN-binding domain. Two lysine residues (K959
and K1035) in MetH are known to contact Fld, as mutation
of these residues to threonine resulted in a significant
decrease in the binding affinity of this flavoprotein for partner
proteins (20). The corresponding residues are conserved in
MS (K987 and K1071); however, the crystal structure of
the hMS activation domain reveals a significant structural

difference around K987 (19), which is an exposed residue
close to the Ado-Met binding region. We have mutated K987
and K1071 to threonine to investigate the importance of these
residues in forming the complex interface with the FMN-
binding domain of MSR.

Both mutant human activation domains (K987T and
K1071T) were titrated against the FMN-domain and the
fluorescence emission maximum recorded. As for the wild
type activation domain, the fluorescence emission intensity
displayed a hyperbolic dependence on the concentration of
the K1071T and K987T proteins. A fit of eq 4 to the data
revealed a dissociation constant of 7.8µM for K987T and
29 µM for the K1071T activation domains, which are
significantly higher (6-fold and 25-fold, respectively) than
the value measured for wild type activation domain
(Table 1). This implies that electrostatic interactions are
important in stabilizing the complex formed between the
FMN-domain and the activation domain.

The dissociation constant (1.8µM) for the complex formed
with the D64A mutant of the MSR FMN-domain and
activation domain is similar to that measured for the wild
type complex (Table 1). Also, we were able to chemically
cross-link the D64A FMN-domain mutant with the activation
domain (data not shown), suggesting that this residue is not
a key binding determinant in the MSR-MS complex. In the
Supporting Information (Figure S1), we have compared the
electrostatic surface potential for Fld (in the region of the
solvent exposed FMN) with that of a homology model of
the MSR FMN-domain (based on the structure of Fld). The
surface corresponding to the putative location for interaction
with MS and/or the MSR NADPH/FAD-binding region is
less negatively charged compared to the corresponding region
of Fld. Nevertheless, there are several acidic residues close
to Asp64 and the FMN that are potential cross-linking
candidates, and work is underway to determine the specific
residue(s) involved in the interaction, a task that is hampered
by the lack of a structure for the MSR FMN-domain. The
retention of common binding residues between theE. coli
and human MS activation domains is perhaps expected given
the high level of sequence identity (55%). That the D64A
mutant FMN-domain did not mimic the properties of the
corresponding Fld mutant might reflect the lower degree of
sequence identity (22%) between these proteins.

We have investigated the binding of a polymorphic variant
of MSR, M22I, localized to the FMN-domain using the
fluorescence binding assay. Individuals with this variation
exhibit mild hyperhomocysteinemia, a risk factor for car-
diovascular disease (26), and a maternal risk factor for
children with a craniofacial anomaly, Down’s syndrome or
neural tube defects (27). The variant activates MS with the
same maximal velocity, but a 3-4-fold higher ratio of MSR
to MS is required to elicit the same maximal activity as that
of the wild type (28). We have demonstrated that the
midpoint potentials and rates of hydride transfer and internal

FIGURE 3: Analysis of cross-linking the FMN-domain and the hMS
activation domain. Acidic residues on one protein were activated
with 5 mM EDC and 5 mM NHS for 5 min. Activation was
quenched, and the second protein was added and incubated for
2 h. Samples were analyzed by SDS-PAGE. Lane 1, molecular
weight markers; lanes 2 and 3, purified FMN domain and the hMS
activation domain, respectively; lane 4, acidic residues on hMS
activated and followed by the addition of FMN-domain (no cross
linked complex observed); lane 5, acidic residues on the FMN-
domain activated for cross-linking followed by addition of the hMS
activation domain. The cross-linked complex between the FMN
domain and hMS activation domain is shown by the arrow.

Table 2: Thermodynamic Parameters for the Binding of MSR and the FMN-Domain Binding to the MS Activation Domain, as Determined by
Isothermal Titration Calorimetry

Kd

(µM) n
∆H°

(kJ/mol)
∆G°

(kJ/mol)
∆S°

(J mol-1 K-1)

FMN-domain 1.8( 0.3 0.97( 0.01 -36.14( 0.47 -32.75( 0.35 -11 ( 2
MSR 4.5( 0.4 0.51( 0.02 -130.16( 2.25 -30.51( 0.21 -334( 8
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electron transfer are the same in this polymorphic variant
compared to the wild type (29), leading us to inquire if the
M22I mutation affects the stability of the MS-MSR
complex. Fluorescence binding assays show, however, that
the complex dissociation constant for the M22I FMN-
domain-activation domain complex (1.8µM) is similar to
that measured for wild type FMN-domain (Table 1). The
origin of the apparent defect that causes mild hyperhomocys-
teinemia thus remains uncertain.

Isothermal Calorimetry. We have investigated the ther-
modynamic parameters associated with the binding of full-
length MSR and the FMN-domain to the MS activation
domain using ITC. The dissociation constant for the com-
ponent FMN-domain measured by ITC (1.8µM; Table 2) is
similar to that determined using the fluorescence assay. The
dissociation constant for MSR (4.5µM) is 2.5-fold higher
than that of the isolated FMN-domain. For both MSR and
the FMN-domain, the binding isotherm was exothermic and
not entropically driven (Table 2; Figure 4). The change in
enthalpy (∆H°) for binding was 3.6-fold greater with full-
length MSR (-130 kJ/mol) compared to that with the FMN-

domain (-36 kJ/mol). The increase in binding enthalpy
suggests that MSR might undergo additional conformational
changes upon interaction with the activation domain and that
the decrease in entropy may be associated with conforma-
tional restrictions of the protein in the complex. The
calculated binding stoichiometry (n) is ∼1 for the binding
of the activation domain to the FMN-domain and∼0.5 for
the binding of MSR to the activation domain. The data are
consistent with the formation of a 1:1 complex between the
activation domain and the FMN-domain. With full-length
MSR, however, the observed stoichiometry is inconsistent
with the formation of a 1:1 complex. In this case, either (i)
two molecules of activation domain (or a dimer of the
protein) interact with one molecule of MSR or (ii) a
subpopulation of MSR only interacts with the activation
domain. Given that the activation domain exists as a
monomer-dimer equilibrium (19), albeit favoring formation
of the monomeric species, the former is perhaps more
plausible, with the equilibrium position being shifted toward
the dimer through complex formation with MSR.

Effects of the ActiVation Domain on the Midpoint Reduc-
tion Potentials of the FlaVin Cofactors in MSR.We have
previously measured the midpoint reduction potentials for
the four flavin couples in MSR (22). In extending this study,
we have measured these potentials in the MSR-activation
domain complex to address the possibility that complex
formation (partially) overcomes the large thermodynamic
barrier for electron transfer to the cob(II)alamin cofactor.
The midpoint potentials of the flavin cofactors in MSR and
the component FMN-domain were measured in the presence
of the activation domain to determine if complex formation
perturbs the redox properties of the flavin cofactors.
Figure 5A shows the spectral changes during redox titration
of the FMN-domain. The addition of dithionite to the
oxidized flavoprotein results in a decrease in absorbance at
454 nm and a concomitant increase in absorbance at
594 nm (solid line) as fully oxidized cofactor converts into
the blue neutral semiquinone species (FMNsq). Further
reduction, by a second reducing equivalent, leads to a loss
in absorbance at 454 and 594 nm as the blue semiquinone
is converted to the FMN hydroquinone. A plot of the
absorbance values at 600 nm versus the recorded potential
produced a bell-shaped curve, reflecting the appearance and
disappearance of the blue FMN semiquinone (Figure 5B).
In contrast, a sigmoidal shaped curve is obtained in a plot
of the absorbance values at 454 nm versus the recorded
potential (Figure 5C). A fit of the data in Figure 5B and C
to eq 7 yields midpoint potentials for the FMNox/sq and
FMNsq/hq couples of-94 and-192 mV (Figure 5B) and
-96 and-208 mV (Figure 5C), respectively. The presence
of the activation domain in the redox titrations does not
appear to substantially affect the thermodynamics of flavin
reduction. A fit of the data in Figure 5B and C to eq 7 yields
potentials for the FMNox/sq(-86 mV;-83 mV) and FMNsq/hq

(-170 mV; -180 mV), which are close to the values
obtained in the absence of the activation domain (Table 3).

The midpoint potentials of all four redox couples (FMNox/sq,
FMNsq/hq, FADox/sq, and FADsq/hq) in full-length MSR were
also measured in the presence and absence of the activation
domain. Reduction of fully oxidized MSR, leads to an initial
decrease in absorbance at 454 nm with a concomitant
increase in absorbance at 595 nm (solid lines in Figure 6A).

FIGURE 4: Isothermal titration calorimetry of the activation domain
with the FMN-domain and MSR. All titrations were performed in
50 mM Tris-HCl at pH 7.5 at 25°C. The points are fit to a one-
site model. (Panel A) Titration of activation domain with FMN-
domain. The stock concentration of FMN-domain is 1.15 mM, and
repeated injections of 10µL were added to the activation domain.
The concentration of the activation domain is 193µM. (Panel B)
Titration of activation domain with MSR. The stock concentration
of MSR is 0.94 mM, and repeated injections of 10µL were added
to the activation domain. The concentration of the activation domain
is 150 µM. The thermodynamic binding parameters, (∆S°, ∆G°,
∆H°, andKd) for both binding isotherms are listed in Table 2.
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During this phase of the titration, an isosbestic point is
present at 501 nm. Upon further addition of the reductant,
the semiquinone signal at 594 nm remains close to its
maximal absorbance, while the absorbance values at shorter
wavelengths decrease (dashed lines in Figure 6A). Isosbestic
points are absent during this phase of the titration as multiple
partially reduced forms of MSR exist, which are inferred to
be the FMNsq/FADox, FMNsq/FADsq, and FMNhq/FADsq

forms. In the third and final phase of the redox titration
(dotted lines in Figure 6A), at potentials more negative than
-250 mV, the semiquinone signal decreases concomitantly

with a further decrease in absorbance at 450 nm. A second
isosbestic point appears during this phase at 425 nm,
reflecting the transition of FADsq to FADhq.

Redox titration data for full-length MSR were analyzed
by plotting the isosbestic points at 501 and 425 nm versus
the measured potential (Figure 6B and C, respectively). At
an isosbestic point, there is a near-zero absorbance change
occurring with the electronic transition of a redox couple,
the ox/sq transition in the case of the isosbestic point at
501 nm. Thus, a plot of absorbance change at 501 nm versus
potential can be used to determine the midpoint potentials
of the sq/hq couples for each of the flavins. Conversely, a
plot of absorbance at 425 nm versus potential can be used
to determine the midpoint potentials of the ox/sq couples
for each of the flavins. The data shown in Figure 6B and C
were fitted to eq 7. The calculated midpoint potentials of
the four couples are FMNox/sq ) -86 mV; FMNsq/hq )
-183 mV; FADox/sq) -255 mV; and FADsq/hq) -285 mV
(Table 3). In the presence of the activation domain, the redox
couples are FMNox/sq ) -77 mV; FMNsq/hq ) -183 mV;
FADox/sq ) -262 mV; and FADsq/hq) -289 mV (Table 3).
Thus, the presence of the activation domain does not
significantly perturb the thermodynamic properties of the
flavin cofactors in full-length MSR.

We also analyzed redox titration data by global fitting of
the UV-visible data. The entire spectral data from 300 to
800 nm throughout the redox titration were processed by
singular value decomposition to deconvolute the spectra of
each reduced species. Analysis of the processed data revealed
five spectral species (Figure 6D). The data were globally
analyzed using a Nernstian model with five species and four
n ) 1 potentials:a T b T c T d T e. The four potential
values, listed in Table 3, show a good correlation with the
midpoint potentials calculated using the Nernst equation at
single wavelengths. The only exception is the FADsq/hq

couple, which is∼30 mV lower when the data are analyzed
using global fitting compared with fits of the data using the
appropriate Nernst equations. This discrepancy might result
from potential difficulties in deconvoluting the spectra of
the fully reduced (4 electron) species. Global analyses of
the data indicate that the presence of the activation domain
does not alter the thermodynamic properties of MSR.

Influence of the ActiVation Domain on the Kinetics of MSR
FlaVin Reduction. We investigated potential effects of
activation domain binding to MSR on the rate of hydride
transfer and/or interflavin electron transfer using stopped-
flow mixing and spectrophotometry. The methods are similar
to those we have used in stopped-flow studies of flavin
reduction in MSR in the absence of partner proteins (30).
Thus, MSR (13µM; syringe concentration) in the absence
or presence of the activation domain (40µM; syringe
concentration) was rapidly mixed with NADPH (200µM;
syringe concentration) under pseudo-first-order conditions
in an anaerobic environment at 25°C. Following rapid
mixing of MSR with NADPH, absorbance spectra (300-
800 nm) were collected over 500 s. Complete bleaching of
the absorbance maximum at 454 nm was observed, signifying
reduction of MSR to the 4 electron level (Figure 7A). The
spectral data over 500 s were processed by singular value
decomposition using PROKIN software and were best fit to
a three-step reversible kinetic model (AT B T C T D)
with four discrete spectral species [Figure 7B; (30)]. The

FIGURE 5: UV-visible absorption spectra collected during spec-
troelectrochemical titrations of the FMN-domain. FMN-domain
concentration is 30µM. (Panel A) Arrows indicate direction of
absorption change at key wavelengths during the reductive phase
of the redox titrations, and the solid lines demark spectra recorded
during the addition of the first electron (i.e., conversion of the FMN
oxidized to the semiquinone state). An isosbestic point appearing
at 501 nm is indicated by “1”. The dotted lines are spectra taken
during the addition of the second reducing equivalent and show
the flavin semiquinone to hydroquinone transition. A second
isosbestic point, denoted by “2”, appears in this phase at 425 nm.
(Panels B and C) Plots of absorbance at 600 and 454 nm vs potential
for the FMN-domain of MSR with (2) and without (b) the
activation domain (40µM), respectively. The data were fitted to
eq 7, and the resultant values for the redox potentials for the ox/sq
and sq/hq couples for FMN are shown in Table 3. Anaerobic
titrations were performed in 50 mM Tris-HCl buffer at pH 7.5 and
25 °C, and methods are described in Experimental Procedures.
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spectral intermediates represent an equilibrium distribution
of enzyme species that are formed in resolvable kinetic
phases. Scheme 1 illustrates the reaction scheme we pub-
lished previously for MSR alone showing what each
intermediate might represent in terms of kinetically relevant
enzyme intermediates (30). The rate constants of formation
and decay of the spectral intermediates are shown in
Table 4. Brackets are placed around the first NADP+ shown
in Scheme 1 because it is unclear if this molecule dissociates
prior or subsequent to the formation of spectral species C
(30).

The conversion of the fully oxidized enzyme (spectral
species A) to the second intermediate (species B) occurs at
23.5 ( 0.1 s-1 and 25.5( 0.1 s-1 in the absence and
presence of the activation domain, respectively. A 20%
decrease in amplitude reflects 40% reduction of MSR to the
two electron state in the first hydride transfer. The observed
forward rate constants for the interconversion of spectral
species B and C are 0.51( 0.02 s-1 for MSR alone and
0.41 ( 0.02 s-1 for MSR in the presence of the activation
domain. Judging by the decrease in absorbance at 454 nm,
the majority of the enzyme is reduced at the two-electron

Table 3: Effect of Binding the MS Activation Domain to the FMN-Domain and MSR on the Midpoint Potentials of the FMN Cofactor in the
FMN-Domain of MSR

reduction potential (mV) vs normal hydrogen electrode

FMN FAD

ox/sq sq/hq ox/sq sq/hq

FMN-domaina -94 ( 2 -192( 2
FMN-domainb -96 ( 2 -208( 20
FMN-domain+ Act-domaina -86 ( 3 -170( 3
FMN-domain+ Act-domainb -83 ( 3 -180( 28
MSRc -86 ( 1 -183( 1 -255( 5 -285( 4
MSR + Act-domainc -85 ( 1 -185( 1 -275( 5 -322( 11
MSRd -77 ( 2 -183( 2 -262( 23 -289( 14
MSR + Act-domaind -81 ( 1 -178( 4 -221( 9 -308( 20

a Determined from nonlinear least-squares fit of the data at 600 nm shown in Figure 5A.b Determined from nonlinear least-squares fit of the data
at 454 nm shown in Figure 5B.c Determined from nonlinear least-squares fit of the data isosbestic points (501 and 425 nm).d Determined from
global analysis of data processed by SVD.

FIGURE 6: UV-visible absorption spectra collected during spectroelectrochemical titration of full-length MSR. MSR concentration is
31 µM. (Panel A) Arrows indicate direction of absorption change at key wavelengths during the reductive phase of the redox titrations. The
solid lines demark spectra recorded during the addition of the first electron (i.e., conversion of the FMN oxidized to semiquinone state). An
isosbestic point at 501 nm appearing during this transition is indicated by “1”. The dashed lines indicate spectra recorded between approximately
-140 and-240 mV. The dotted lines indicate spectra at potentials more negative than-240 mV, where an isosbestic point at 425 nm,
denoted by “2”, appears. (Panel B) Plot of absorbance at 425 nm with (2) and without (b) the activation domain (40µM) against potential.
(Panel C) Plot of absorbance at 501 nm with (2) and without (b) the activation domain (40µM) against potential. The data were fitted to
eq 7, as described in Experimental Procedures, and the midpoint potentials for all four couples are shown in Table 4. (Panel D) The
deconvoluted spectra ofa, oxidized;b, 1 electron-reduced;c, 2 electron-reduced;d, 3 electron-reduced; ande, 4 electron-reduced enzymes,
determined by global analysis of the data in Panel A as described in Experimental Procedures. Experimental conditions: anaerobic titrations
were performed in 50 mM Tris-HCl buffer at pH 7.5 and 25°C.
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level at the completion of this kinetic phase. A small
signature at 600 nm in spectral species C indicates that a
population of the enzyme is in the disemiquinoid (FADsq/
FMNsq) state, in equilibrium with the FADhq/FMNox and/or
FADox/FMNhq forms of MSR. The formation of MSR
reduced at the level of four electrons occurs during the
accumulation of spectral species D and is represented by
further bleaching of absorbance at 454 and 600 nm. The
formation of spectral species D occurs with rate constants
of 0.015( 0.001 s-1 and 0.010( 0.001 s-1 in the presence

and absence of the activation domain, respectively. Com-
bined, these data indicate that the presence of the activation
domain does not influence the kinetics of hydride transfer
or interflavin electron transfer in MSR.

DISCUSSION

Most information on the structural and functional behavior
of MS is derived from biochemical and biophysical studies
of MetH. MetH, and by extension MS, are envisioned to be
highly dynamic proteins as both substrate binding pockets
on the N-terminal module [separated by 50 Å; (31)] and the
activation domain (32) form discrete complexes with the
cobalamin-binding domain to (i) catalyze each of the
transmethylation reactions of the primary catalytic cycle and
(ii) reactivate cob(II)alamin (33). There is an added level of
complexity with the human system compared to that inE.
coli, in that human MSR is also a multidomain protein.

The complexity imposed by the multidomain structure of
MSR is (partially) removed by studying the properties of
the individual flavin domains, which structurally and func-
tionally mimic the properties of the corresponding domains
in full-length MSR (22). With the isolated FMN-domain,
we observe similarities between the human andE. coli
reactivation systems. The dissociation constant (∼1 µM) and
binding stoichiometry (∼1) for the complex formed between
the activation domain and the FMN-domain are identical,
within error, to the values reported for the binding of Fld to
MetH (20). However, the thermodynamic parameters (i.e.,
change in enthalpy and entropy) associated with binding of
human FMN-domain and activation domain are dissimilar
to those reported for theE. coli counterparts, which were
reported to be endothermic and entropically driven (20).

A potential difference in binding mode and/or affinity was
hypothesized on the basis of a superposition of the crystal
structures for human MS andE. coli MetH activation
domains (Figure 8). The structural overlay reveals that
Lys959 and Lys1035 of MetH (both known to be important
residues in the binding interface with Fld) are located∼25
and∼7 Å, respectively, from the corresponding residues in
human MS, Lys987 and Lys10712. Despite this structural
difference between the two proteins, Lys987 and Lys1071
form part of the protein interface in complex with MSR
because neutralization of these residues (by mutation to
threonine) resulted in a decrease in binding affinity, similar
to that observed for the corresponding mutations (K1035T
and K959T) in MetH (20). This functional equivalence of
interface residues between the human and MetH systems is

2 The published crystal structure of the human MS activation domain
contains two amino acid changes (D963E and K1071N) from that of
the published sequence (Genbank accession number: Q99707).

FIGURE 7: Reaction of human MSR with NADPH monitored by
stopped-flow photodiode array spectroscopy. Conditions: 50 mM
Tris-HCl at pH 7.5, 25°C, 13 µM MSR concentration, 0.5 mM
NADPH concentration. (Panel A) Time-dependent spectral changes
occurring over 500 s following rapid mixing of MSR with NADPH.
For clarity, only subsequent select spectra are shown. (Panel B)
Deconvoluted spectra of the intermediates resolved from time-
dependent SVD analysis of the data shown in panel A. The data
shown in panel A were fitted globally to a three-step reversible
model of AT B T C T D. The observed rate constants obtained
from the analysis are listed in Table 4. (Inset) Calculated concentra-
tion profiles (over 500 s) of intermediates in the reaction of MSR
with NADPH. Profiles were obtained by fitting the data shown in
panel A to a sequential reversible model of AT B T C T D.

Scheme 1

Table 4: Comparison of Kinetic Rate Constants for Electron
Transfer in MSR in the Presence and Absence of the MS Activation
Domain

MSR (s-1) MSR + Act-domain (s-1)

A f B 23.5( 0.1 25.5( 0.1
B f A (3.9 ( 0.5)× 10-5 (3.0( 0.5)× 10-5

B f C 0.51( 0.02 0.41( 0.02
C f B (1.1( 0.3)× 10-6 (6.1( 0.1)× 10-5

C f D 1.5× 10-2 ( 0.01× 10-3 1.0× 10-2 ( 0.01× 10-3

D f C (6.3( 0.1)× 10-6 (1.5( 0.8)× 10-5
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not retained for at least one residue located on the surface
of the FMN-binding domain of MSR. From our solution
studies, we infer that residue Asp64 of the human FMN-
domain does not form a salt bridge with human activation
domain, which contrasts with the role of the counterpart
residue (Glu61) inE. coli Fld.

We have demonstrated that the MSR-activation domain
complex is less stable than the FMN-domain-activation
domain complex. We also find a notable difference in the
binding stoichiometry between these two complexes. More-
over, the binding of MSR to the activation domain is more
endothermic and entropy driven compared with the complex
formed with the FMN-domain. This might suggest that
additional conformational changes and/or water movement
is required for complex formation. The changed stoichiom-
etry of the interaction with full-length MSR also suggests
additional interactions. Given that the activation domain has
a low propensity to dimerize in free solution (19), it is
reasonable to suggest that the binding of MSR is to a dimeric
form of the activation domain and that the monomer-dimer
equilibrium for the activation is pulled toward the dimer
structure in the ITC analysis. The structural implications of
this stoichiometry need to be explored using crystallographic
methods, but one might infer a role for the FAD/NADPH-
binding domain and/or the connecting hinge domain in
facilitating this protein interaction.

Olteanu and Banerjee have shown (under buffering condi-
tions different from those employed in our study) that
reactivation of MSin Vitro requires a 4:1 ratio of MSR to
MS for maximal activity (3). This contrasts with the 1:1 ratio
of Fld to MetH required for the reactivation of MetH byE.
coli Fld (3). The apparent dissociation constant is also higher
for the MSR-MS complex (∼80 nM) compared to that of
the Fld-MetH complex [∼5 nM; (3)], pointing to a weaker
binding interaction between the partner proteins in the human
complex. ITC binding isotherms and fluorescence binding
assays reveal that the apparent binding constants are similar
(at least for the MSR-FMN-domain interaction) to that of

theE. coli MetH system. This suggests a different interaction
mode in the human FMN-domain-MS and MSR-MS
complexes, with the FMN-domain-MS complex more
closely mimicking the Fld-MetH complex.

The multidomain nature of MSR suggests a degree of
conformational flexibility larger than that available in the
E. coli system. By analogy with other diflavin oxidoreduc-
tases such as NOS (17), MSR may fluctuate between a closed
and open conformation, that is, in one conformation (an open
conformation) the FMN-domain is amenable for interaction
with MS, and in another conformation (closed conformation)
the FMN-domain is in close proximity to NADPH/FAD-
binding domain (Figure 9). The multiple conformations
would optimize electronic coupling to the FAD domain
(closed conformation) and cob(II)alamin (open conformation)
and require a swinging motion for the FMN-domain between
the two states. Such a mechanism for electron transfer is in
stark contrast to that observed in the Fld-MetH system
(where Fld binds in a mutually exclusive manner to MetH
or FNR and essentially as rigid body entities for the
flavoprotein component; (20)) but more akin to models of
electron transfer proposed for multidomain flavoprotein
systems, such as CPR, NOS, and bacterial diflavin reductases
(15), supporting the concept of large-scale conformational
sampling proposed generally for multidomain electron
transfer complexes (34-36). In the context of this model,
we note that internal electron transfer in MSR is substantially

FIGURE 8: Superposition of the human MS andE. coli MetH
activation domains. TheE. coli and human proteins are shown in
blue and green, respectively. AdoMet from theE. coli structure
[1MSK, (18)] is denoted in stick representation (magenta). Asn1071
and Lys959 of human MS, and Lys1035 and Lys959 of MetH are
shown as red sticks.

FIGURE 9: Model demonstrating the open and closed conformations
of MSR. In the closed conformation, the FMN-domain is docked
with the FNR-like module of MSR in a position that allows
interflavin electron transfer. In the open conformation, the FMN
domain has moved away from the rest of the MSR polypeptide
and is in a conformation suitable for interaction with MS.
Electrostatic interactions, denoted by+ and- symbols, are thought
to be important in the binding interface between the FMN-domain
and the FNR-like module and also the activation domain. CD refers
to the connecting domain of MSR, whereas Hyc, CH3-H4folate,
and Co represent the homocysteine, CH3-H4folate, cobalamin-
binding domains, respectively. AD is the activation domain.
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slower (>10-fold) than that observed in CPR (37) and NOS
(38). Thermodynamically, internal electron transfer is favor-
able, and intrinsic rates of electron transfer are expected to
be fast over physiologically sustainable distances (39). The
observed slow rates for internal electron in MSR (as in CPR
and NOS) imply some other form of control, either ligand
gating (e.g., release of NADP+) or conformational control
through sampling mechanisms.

Electron transfer from MSR to cob(II)alamin presents a
major thermodynamic obstacle (Figure 10). The midpoint
potentials of the FMNox/sqand FMNsq/hqare substantially more
electropositive (∆E ) 170 and 260 mV, respectively) than
that of the cob(II)alamin/cob(I)alamin couple (23), translat-
ing, respectively, to a change in free energy of 16 kJ/mol
and 25 kJ/mol. This contrasts with the situation with NOS
and CPR in which electron transfer to their native electron
acceptors is thermodynamically feasible. In CaM-free NOS,
the FMNox/sqcouple is significantly more electropositive than
the heme, but recent studies have shown that the binding of
Ca2+-activated CaM lowers the FMNox/sq and FMNsq/hq

couples to make the final step of electron transfer (from
FMNH2 at least) to the heme almost isopotential (40). In
CPR, the FMNox/sq couple has a higher midpoint potential
than the P450 heme; however, the air stable FMN semi-
quinone does not serve as a reductant in the catalytic cycle
(41), and the FMNsq/hq couple (-280 mV) is similar to that
of the P450 heme (-300 mV). Also, the binding of type 1
substrates to the ferriheme raises the midpoint potential to
make electron transfer more thermodynamically favorable
(42). On the basis of the precedence for factors influencing
the midpoint potential of NOS and CPR, we sought to

determine whether the binding of the activation domain
affects the thermodynamic properties of the flavins in MSR
or the isolated FMN-domain. Our studies show that protein-
protein interaction, at least with the activation domain of
MS, does not significantly perturb the potentials of the four
flavin couples, indicating that electron transfer to cob(II)-
alamin remains a highly endergonic process. Likewise, the
binding of MetH to Fld does not significantly alter the
midpoint potentials of the FMN cofactor, but the thermo-
dynamic barrier is not so great in theE. coli system. Although
the FMNsq/hq couple is nearly isopotential with the cob(II)-
alamin/cob(I)alamin couple, it is thought that the FMN
semiquinone is the primary electron donor because under
aerobic growth, the potential of the cell (Ecell) is -330 mV
[thus favoring the one electron reduced form of the cofactor;
(5)]. The resulting uphill electron transfer from FMN
semiquinone to cob(II)alamin (∆E ≈ +230 mV) is thought
to be coupled to irreversible methyl transfer from AdoMet,
a highly exothermic reaction [∆H° ) -55 kJ/mol; (43)].
We suggest that the driving force for reductive methylation
of human MS is also tightly coupled to methyl group transfer
from AdoMet. It is worth noting that, until relatively recently,
the paradigm for biological electron transfer has assumed
that electrons should flow energetically downhill through
redox centers that become progressively more electropositive
(as is the case with MSR in catalyzing electron transfer from
NADPH to FAD to FMN; Figure 10). However, unfavorable
electron tunneling steps are observed in natural electron
transfer proteins such as hydrogenase (44), nitrate reductase
(44), and membrane-bound respiratory chains (45). In those
cases where an endergonic electron transfer step has been
engineered (e.g., methylamine dehydrogenase), electron
tunneling still occurs, albeit at a substantially slower but
functionally relevant rate (46). Dutton and co-workers have
shown that the close proximity (<6 Å) of redox centers alone
is sufficient to allow endergonic electron transfer at a rate
that is catalytically and physiologically relevant (39). In the
absence of obvious modulators of the MSR reduction
potentials, a conformational sampling mechanism for MSR
in which the FMN-domain approaches the cob(II)alamin
cofactor in the MS-MSR complex, linked to a highly
exothermic methyl transfer step, is likely sufficient to ensure
endergonic electron transfer between that the FMN and cob-
(II)alamin redox centers.

CONCLUDING REMARKS

The 1:2 stoichiometry of the MSR-MS complex is
consistent with the presence of an activation dimer in the
complex. Cross-linking and mutagenesis studies indicate
some conservation of interacting residues in theE. coli and
human reactivation complexes but also highlight significant
differences. Electron transfer in MSR is neither thermody-
namically nor kinetically modulated by association with the
activation domain of human MS. Electron transfer to cob-
(II)alamin is substantially endergonic in human MS-MSR,
suggesting an endergonic tunneling step linked to an
exothermic methyl group transfer.

SUPPORTING INFORMATION AVAILABLE

Comparison of the electrostatic potentials of the surface
of E. coli Fld and of a model of the FMN domain of human

FIGURE 10: Scheme comparing the thermodynamics of electron
transfer between MSR and MS, and betweenE. coli Fld and MetH.
The midpoint potential values of FNR (FADox/hq) and Fld (FMNox/sq
and FMNsq/hq) are represented by gray lines, and the flavin couples
of MSR are represented by black lines as is the cob(I)alamin/cob-
(II)alamin couple. Electron transfer from NADPHf FAD f FMN
in MSR follows a customary downhill path as electrons are shuttled
to redox centers that are progressively more electropositive.
However, a significant uphill step is encountered with electron
transfer from MSR to MS, as the midpoint potential of the cob-
(II)alamin/cob(I)alamin couple is substantially more electronegative
than the MSR FMNox/sq and FMNsq/hqcouples. Electron transfer in
theE. coli Fld-MetH complex is more thermodynamically feasible,
as the corresponding values for the FMN midpoint potentials in
Fld are more electronegative. The values cited are from the
following refs: 5, 22, and23.

Protein Interactions in the Human MSEnDash-MSR Complex Biochemistry, Vol. 46, No. 23, 20076707



MSR (Figure S1). This material is available free of charge
via the Internet at http://pubs.acs.org.

NOTE ADDED AFTER ASAP PUBLICATION

This paper was published ASAP 05/04/07. Reference 40
has been updated; the corrected version was published
05/11/07.
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