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ABSTRACT: Human methionine synthase reductase (MSR) is a 78 kDa flavoprotein that regenerates the
active form of cobalamin-dependent methionine synthase (MS). MSR contains one FAD and one FMN
cofactor per polypeptide and functions in the sequential transfer of reducing equivalents from NADPH to
MS via its flavin centers. We report the 1.9 Å crystal structure of the NADP+-bound FNR-like module
of MSR that spans the NADP(H)-binding domain, the FAD-binding domain, the connecting domain, and
part of the extended hinge region, a feature unique to MSR. The overall fold of the protein is similar to
that of the corresponding domains of the related diflavin reductase enzymes cytochrome P450 reductase
and neuronal nitric oxide synthase (NOS). However, the extended hinge region of MSR, which is positioned
between the NADP(H)/FAD- and FMN-binding domains, is in an unexpected orientation with potential
implications for the mechanism of electron transfer. Compared with related flavoproteins, there is structural
variation in the NADP(H)-binding site, in particular regarding those residues that interact with the 2′-
phosphate and the pyrophosphate moiety of the coenzyme. The lack of a conserved binding determinant
for the 2′-phosphate does not weaken the coenzyme specificity for NADP(H) over NAD(H), which is
within the range expected for the diflavin oxidoreductase family of enzymes. Isothermal titration calorimetry
reveals a binding constant of 37 and 2µM for binding of NADP+ and 2′,5′-ADP, respectively, for the
ligand-protein complex formed with full-length MSR or the isolated FNR module. These values are
consistent withKi values (36µM for NADP+ and 1.4µM for 2′,5′-ADP) obtained from steady-state
inhibition studies. The relatively weaker binding of NADP+ to MSR compared with other members of
the diflavin oxidoreductase family might arise from unique electrostatic repulsive forces near the 5′-
pyrophosphate moiety and/or increased hydrophobic stacking between Trp697 and there face of the FAD
isoalloxazine ring. Small structural permutations within the NADP(H)-binding cleft have profound affects
on coenzyme binding, which likely retards catalytic turnover of the enzyme in the cell. The biological
implications of an attenuated mechanism of MS reactivation by MSR on methionine and folate metabolism
are discussed.

Methionine synthase reductase (MSR)1 is a key enzyme
in folate and homocysteine homeostasis as it is responsible
for the restoration of methionine synthase (MS) activity (3,
4). MS, through two separate transmethylation reactions,

liberates tetrahydrofolate from methyltetrahydrofolate and
recycles homocysteine, producing methionine (Figure 1).
Cobalamin serves as an intermediary in the methyl-transfer
reactions and cycles between methylcobalamin and cob(I)-
alamin during enzyme turnover (5). Occasionally (every
200-1000 catalytic turnovers) the mildly oxidizing environ-
ment of the cell converts cob(I)alamin to cob(II)alamin,
rendering MS catalytically inert (6). Regeneration of MS
activity occurs through reductive methylation of cob(II)-
alamin (producing methylcobalamin), a process that couples
electron transfer from MSR and methyl transfer from
S-adenosylmethionine (3).

MSR (78 kDa) contains 1 equiv each of FAD and FMN.
The flavins transfer electrons derived from the oxidation of
NADPH to cob(II)alamin [NADPHf FAD f FMN f cob-
(II)alamin (3, 7)]. On the basis of the sequence and flavin
topology, MSR is a member of the diflavin electron
transferase family (8). Prokaryotic members of this family
include the reductase domain of flavocytochrome P450 BM3
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(9) and the R-subunit of sulfite reductase (10), while
eukaryotic members include cytochrome P450 reductase (11,
12), the nitric oxide synthases (NOSs;13, 14), and novel
oxidoreductase 1 (NR1;15). Diagnostic features for this
family of enzymes include (i) an FMN cofactor housed in a
domain homologous to bacterial flavodoxin (16), (ii) adjacent
NADP(H)- and FAD-binding domains that are structurally
related to ferredoxin-NADP(H) reductase (FNR;17), (iii) a
connecting domain that bridges the flavin domains, and (iv)
a “linker” or hinge that tethers the FMN domain with the
connecting domain. In crystal structures of CPR (12) and
neuronal NOS (18), the hinge region (14-24 residues in
length) located between the flavin-binding domains is
partially disordered, pointing to a dynamic role. For nNOS,
it has been suggested that the hinge allows the FMN domain
to swing between the FAD domain and the heme oxygenase
domain, to enable electron transfer between the two redox
centers (18, 19). In MSR, the region of protein separating
the connecting domain and the FMN domain is extensively
longer (82 residues), leading us to speculate that this section
of the polypeptide might allow the FMN domain to shuttle
electrons between the FNR-like module of MSR and cob-
(II)alamin during the regeneration of MS in a mechanism
that involves large-scale motion of the FMN domain (2).

Alignment of primary sequences for members of the
diflavin reductase family suggests a lack of sequence
conservation in the NADP(H)-binding site of MSR (Figure
2). In particular, variation exists within the sequence of highly
conserved residues that form hydrogen bonds and electro-

static contacts with the 2′-phosphoryl group of NADPH. The
crystal structure of spinach FNR showed that the 2′-
phosphate of NADP(H) is anchored through a network of
electrostatic interactions by residues Ser234, Arg235, Tyr246,
and Lys244 (17, 20). Lys244 is more remote than the other
residues from the 2′-phosphate in the FNR structure and
therefore constitutes a weaker interaction with the phosphate.
These core residues enable the enzyme to discriminate
between NADPH and NADH (21). Early chemical modifica-
tion and mutagenesis experiments established that the cor-
responding residues in CPR, in particular Arg597 and Lys602,
are also important for binding of NADP(H) (22). Arg597 was
shown to contribute significantly to the binding energy (5
kcal/mol) and to be a key determinant for discriminating
between NADPH and NADH (23). Subsequent crystal
structures of CPR (12) and nNOS (18, 24) have established
that these two residues, along with Ser596 and Tyr604 (CPR
numbering), form a consensus sequence for binding the 2′-
phosphate group of NADP(H). Sequence alignment suggests
that MSR does not rigorously adhere to this consensus
sequence motif for binding the 2′-phosphate as it possesses
only three of the four binding determinants, Ser610, Arg611,
and Tyr624 (MSR numbering), in the correct positions. A
lysine residue, another candidate for neutralization of 2′-phos-
phate, is at position 623 in MSR rather than the expected
position of 622. Also, a six amino acid insert extends the
distance between neighboring Ser610/Arg611 and Tyr624 (MSR
numbering, Figure 2). This apparent structural variation
within the coenzyme-binding site of MSR might account (at
least in part) for why previous rapid kinetic studies have
pointed to an elevated dissociation constant for the NADP-
(H)-MSR complex relative to other members of the family
(7).

In this paper, we report the crystal structure of the MSR
FAD/NADP(H)-binding module complexed with NADP+.
In light of the sequence divergence in the 2′-phosphate-
binding site, we examined the substrate specificity of MSR
for NADPH and NADH. We have used isothermal titration
calorimetry in conjunction with inhibition studies to inves-
tigate the binding properties of the coenzyme and the
competitive inhibitor 2′,5′-ADP, and we rationalize these
findings in the context of the structure of the FAD/NAD-
(P)H-binding module-NADP+ complex and biological func-
tion. The structure of the FAD/NADP(H)-binding module-
NADP+ complex has allowed us to examine, at the molecular
level, the potential impact of clinically relevant mutants of
MSR, which are known to impair enzyme function and
contribute to hyperhomocysteinemia and megaloblastic ane-
mia (4, 25).

EXPERIMENTAL PROCEDURES

Purification, Crystallogenesis, and Data Collection. Re-
combinant human MSR and the NADP(H)/FAD domain
(residues 163-698) were expressed and purified according
to published procedures (26). Crystals of the MSR NADP-
(H)/FAD domain were grown using the sitting drop vapor
diffusion method at 4°C. The enzyme (10 mg/mL) was
desalted into 10 mM Tris/HCl, pH 8.0, containing 0.5 mM
DTT, 1 mM EDTA, and 0.05% NaN3. Crystals were obtained
with four different precipitant conditions, but crystals that
diffracted to higher resolution were obtained with the
reservoir solution comprising 0.1 M Tris/HCl, pH 7.5, 0.2

FIGURE 1: Scheme illustrating the catalytic cycle and reactivation
of MS. During the primary catalytic cycle, MS uses enzyme-bound
cob(I)alamin to abstract a methyl group from methyl tetrahydro-
folate to generate tetrahydrofolate and methylcob(III)alamin. The
methyl group is subsequently transferred to the thiol of homocys-
teine to produce methionine and regenerate cob(I)alamin. Every
200-1000 catalytic turnovers, cob(I)alamin oxidizes to cob(II)-
alamin, rendering MS catalytically inert. Reactivation of MS
requires reductive methylation of cob(II)alamin, a process involving
electron transfer from MSR and methyl transfer fromS-adenosyl-
methionine. Reducing equivalents for the MSR-catalyzed reduction
of cob(II)alamin are derived from NADPH oxidation and are
delivered via the FAD and FMN redox centers of MSR.
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M KBr, and 15% PEG 4000. The crystals were soaked in a
50:50 mix of Paratone and mineral oil (cryoprotectant) before
being flash-cooled in liquid nitrogen. A few crystals were
soaked in mother liquor supplemented with a saturating level
of NADP+ before cryoprotection. Data sets at 1.9 Å
resolution were collected for the MSR NADP(H)/FAD
module with and without NADP+ bound at the European
Synchrotron Radiation Facility (Grenoble, France) on ID14-
EH3 using an ADSC Q4 CCD detector.

Structure Determination and Refinement. Data were
processed and scaled using the HKL package programs
DENZO and SCALEPACK (27). The structure was solved
via molecular replacement using the program AMoRE (28)
and the NADP(H)/FAD module of the deposited structure
of cytochrome P450 reductase (CPR;12) as the search model
(PDB code 1AMO). Positional andB-factor refinement was
performed using REFMAC5, using both restrained (29) and
TLS (30) modes, with alternate rounds of manual rebuilding
of the model in TURBO-FRODO (31) and COOT (32).

Partial rebuilding of the model and building of waters were
carried out using ARP/wARP (33). The quality of the model
was checked using the program Molprobity (34).

Isothermal Titration Calorimetry (ITC). ITC experiments
were performed using a VP-ITC microcalorimeter (Microcal
Inc.). Protein samples were dialyzed into 50 mM Tris/HCl,
pH 7.5. The concentrations of MSR and the FAD/NAD(P)H-
binding module were determined by the absorbance value
at 454 nm using extinction coefficients of 25 600 and 11 200
M-1 cm-1, respectively (26). Experiments were performed
at 25 °C, and protein solutions were degassed by vacuum
aspiration for 8 min at 23°C prior to loading of the samples
into the ITC cell and syringe. Aliquots (10µL) of the
nucleotide were titrated into 1.28 mL of 40-100µM MSR
or the isolated FAD/NAD(P)H-binding module at 420 s
intervals with a stirring speed of 350 rpm. Parallel experi-
ments were performed by injecting the nucleotide into the
buffer. The heats of dilution were negligible and subtracted
from their respective titrations prior to data analysis.

FIGURE 2: Structure-based sequence alignment of the human MSR (hMSR) FAD/NADP(H)-binding module against the corresponding
sequences of rat CPR, rat neuronal NOS (ratNOS), and human NR1 (hNR1). Secondary structural elements are shown above the sequence.
â-strands are shown as arrows, andR-helices are indicated by rectangles. Nonvisible regions are indicated by dashed lines, and residues
belonging to the hinge, connecting domain, FAD domain, and NADPH-binding domain are colored red, blue, yellow, and green, respectively.
The residue colored red is the first ordered residue in the structure. Key residues, denoted by symbols below the sequence, are as follows:
the blue triangle is for the residue which forms a hydrogen bond to the 5′-phosphate of NADP+, red circles denote residues which form part
of the catalytic triad for hydride transfer, red triangles are for residues which stabilize the 2′-phosphate of NADP+, the black circle indicates
the aspartic acid residue which is solvent exposed and lies between the 5′-pyrophosphate of NADP+ and the isoalloxazine ring of FAD, and
the blue circle is for the aromatic residue which lies over there face of the isoalloxazine ring of FAD in the crystal structure.
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Thermodynamic parametersn (stoichiometry),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 7.0) provided with the instrument.
The free energy of binding (∆G°) and entropy change (∆S°)
were obtained using eqs 1 and 2.

Steady-State TurnoVer Assays. Kinetic assays were per-
formed in a 1.0 mL volume at 25°C using a 1 cmpath
length cuvette by measuring the absorbance change at 550
nm associated with the reduction of cytochromec3+ (∆ε )
21 100 M-1 cm-1; 35). The reaction mixtures contained 50
mM Tris/HCl, pH 7.5, 8µM cytochromec3+, and variable
concentrations of NADPH and NADH. For inhibition assays,
the reaction mixtures contained 50 mM Tris/HCl, pH 7.5, 8
µM cytochrome c3, and variable concentrations of the
substrate, NADPH, and inhibitor (NADP+, 2′,5′-ADP).
Reactions containing NADPH and NADH were initiated by
the addition of 12.2× 10-12 and 122× 10-12 mol of MSR,
respectively. Data from the substrate specificity studies were
fit to the Michaelis-Menten equation, while data for the
inhibition studies were fit with nonlinear least-squares
analysis to the equation for competitive inhibition (eq 3)

using the computer program Origin, version 7.0 (MicroCal
Software Inc.), whereVi is the initial velocity, V is the
maximal velocity,A is the varied substrate concentration,
Km is the apparent Michaelis constant,I is the inhibitor
concentration, andKi is the inhibition constant.

RESULTS

OVerall Domain Architecture. The structure of the FAD/
NADP(H)-binding module of MSR was solved by molecular
replacement using a truncated structure of CPR as the initial
model (12). The crystallographic and final refinement
statistics are summarized in Table 1. The structure consists
of 448 visible residues starting from residue Ser217and ending
at Ser698 (Figure 2). The first 54 residues are disordered, as
are flexible regions Leu258-Asp271, Gln502-Ala515, and
Val615-Ala620. From the N- to C- terminus, the truncated
protein comprises the hinge, the connecting domain, the FAD
domain, and the NADPH-binding domain. The NADP(H)-
binding domain comprises anRâR structural motif (five-
stranded parallelâ-sheet sandwiched between sixR-helices),
and the core of the FAD-binding domain is a flattened
antiparallelâ-barrel, comprising sixâ-strands (Figure 3).
Both domains are similar to the corresponding domains of
NOS (18), CPR (12), and FNR (17) and the NAD+ domains
of cytochromeb5 reductase (36) and phthalate dioxygenase
reductase (37). The connecting domain, which consists
principally of R-helices, is structurally integrated with the
FAD domain. Threeâ-strands of the FAD-binding domain
are inserted into the connecting domain (Figure 2). The
connecting domain is unique among the diflavin reductase

family (CPR, NOS, NR1, bacterial P450 BM3, and the
R-subunit of sulfite reductase) and is believed to be
responsible for dictating the relative orientation of the FAD-
and FMN-binding domains.

Extended Hinge Region. A distinguishing feature that
emerges from structure-based sequence alignment between
MSR and related diflavin reductases is an 82 amino acid
insert (Ala166 to Pro247) between the FMN domain and the
connecting domain of MSR. Although the insertion lies at
the boundary of the flexible “hinge” region and the con-
necting domain, we have assigned these residues to the
former, on the basis of superposition of the MSR structure
with that of rat CPR (12). The last (i.e., C-terminal) 31
residues of the extended hinge are visible in the truncated
MSR structure (Ser217-Pro247) (Figure 3). The position of
the initial seven visible residues (Ser217 to Asp223) is thought
to be nonphysiological as these residues interact with a
symmetry-related molecule (Figure S1 of the Supporting
Information). This is likely to be a consequence of the
truncation of the protein and/or crystal packing. Residues
Ser227 to Pro247 form a random coil at the surface of the
connecting domain, which wraps partially around the axis
of three shortR-helices (Figure S2 of the Supporting
Information). Again, as this is a structure of a truncated
protein, it is uncertain as to whether the position of these
residues is physiologically relevant or a consequence of
crystal packing. However, an analysis of the interface
between the extended hinge and other parts of the connecting
domain shows that up to 41 hydrogen bond contacts and
salt bridges are formed, excluding water contacts. A shape
complementarity (Sc) value of 0.781 over this protein

∆G° ) -RT ln KA (1)

∆G° ) ∆H° - T∆S° (2)

Vi ) VA
Km(1 + I/Ki) + A

(3)

Table 1: Crystallographic Data and Refinement Values for the
FAD/NAD(P)H-Binding Module of Human MSR with and without
NADP+ Bounda

NADP+-free
structure

NADP+-bound
structure

Data Collection
resolution limits (Å) 20-1.9 (1.95-1.90) 20-1.9 (1.95-1.90)
space group P21 P21

unit cell (Å) a ) 52.6,b ) 67.3,
c ) 78.8

a ) 51.8,b ) 67.2,
c ) 78.6

â angle (deg) 107.7 107.0
total no. of reflns 593 861 644 500
no. of unique reflns 39 892 39 791
redundancy 3.5 3.6
completeness (%) 100.0 (100.0) 100.0 (100.0)
I/σ(I) 25.3 (3.1) 23.6 (3.3)
Rmerge(%) 4.0 (26.1) 5.2 (30.4)
solvent content (%) 45 44

Refinement
no. of residues 448 447
no. of water molecules 498 359
Rfac/Rfree (%) 18.4/23.2 (22.9/35.8) 17.6/21.2 (19.7/26.5)
RMSD(bond

lengths) (Å)
0.016 0.014

RMSD(bond
angles) (deg)

1.527 1.493

avB-factor (Å2) 31.2 29.3

Ramachandran plot
most favored

regions (%)
98.9 99.1

additionally allowed
regions (%)

0.9 0.7

outliers 0.2 (Gly544) 0.2 (Gly544)
a Numbers in parentheses represent the last outer shell (1.95-1.90 Å).
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interface is within the range expected for biologically relevant
protein-protein interactions, lending further support for the
structure representing a physiologically relevant conformation
(38). The binding of the coenzyme does not affect the
position of the hinge as it is in the same position in the
NADP+-free structure.

On the basis of the structures of the reductase domain of
nNOS and CPR, it is anticipated that the remainder of the
extended hinge (which is absent from the MSR FAD/NADP-
(H) domain structure) folds behind the connecting domain,
to position the FMN domain at the binding interface between
the FAD- and NADPH-binding domains (Figure 3). The
location of the FMN domain observed in CPR and nNOS
accommodates direct interflavin electron transfer as the
isoalloxazine rings of FAD and FMN are separated by∼4-5
Å. The lack of electron density for the first 54 residues of
the protein structure highlights the flexibility of the extended
region in MSR and the possibility of it enabling the FMN-

binding domain to “toggle” between MS and the MSR FNR
module during electron transfer.

FAD Binding Site. In the MSR FAD/NADP(H)-binding
module, the FAD cofactor is bound in an extended confor-
mation. The isoalloxazine ring of the FAD molecule is bound
at the interface between the FAD- and NADPH-binding
domains and is stabilized by hydrophobic interactions and
several hydrogen bond contacts with the protein (Figure 4).
The O2 atom of the isoalloxazine ring forms hydrogen bonds
with the main chain atoms of Ser454 (amide nitrogen) and a
water molecule. The N3 atom makes hydrogen bond contacts
with Val469 (carbonyl oxygen), and the N5 and O4 atoms of
the ring form hydrogen bonds with individual water mol-
ecules. The negative charges on the pyrophosphate group
are neutralized by water molecules, as well as the amide
nitrogen and hydroxyl group of Thr490, the side chain of
Arg451, and the peptide backbone of residues Cys489 and
Val488. In the MSR structure, the electron density for the
ribose shows that it can occupy more than one position in
the structure (Figure S3 of the Supporting Information). The
electron density shows that residue Cys421, located near the
ribose sugar, is partially oxidized to cysteinic acid, which
could account in part for the multiple positions observed for
this portion of the FAD molecule. We have modeled the
ribose into one of its positions, as in the second position the
OD atom of the oxidized cysteine clashes with the AC1 atom
of the ribose. The orientation of the sugar in MSR is quite
different from the modeled position in CPR (Figure 4B;12).
The dynamic nature of the ribose may in turn increase the
mobility of the adenine ring for which there is no electron
density.

Superposition of the FAD-binding site of the MSR NADP-
(H)/FAD module with that of CPR also reveals that
conserved residues which form a catalytic triad for hydride
transfer in CPR (Cys630, Asp675, and Ser457) are in the same
position in MSR (Figure 4C;39, 40), suggesting that the
mechanism of hydride transfer from NADPH to FAD is
similar in both enzymes.

NADP+-Binding Site. NADP+ binds at one end of aâ
sheet. As in CPR (12) and FNR (17), the solvent-exposed
ribitylnicotinamide ring of the coenzyme is disordered in the
structure and only the 2′-phosphoryl-AMP moiety of the
molecule is observed. In nNOS, the entire NADP+ molecule
is observed but it is not found in a conformation compatible
with hydride transfer as the ribose-nicotinamide moiety is
located at the surface of the protein and does not have any
strong interactions with the polypeptide (18, 24).

Despite sequence divergence in the 2′-phosphate-binding
motif, the overall binding geometry of the 2′-phosphate of
NADP+ in MSR is similar to that observed in CPR and other
related flavoenzymes (12, 18, 40, 41). A superposition of
the nicotinamide-binding sites for MSR and CPR (Figure 5)
illustrates that, in the MSR structure, the lysine residue,
which is displaced in the consensus sequence, is replaced
by a water molecule, which forms a hydrogen bond with an
oxygen atom (AOP2) of the 2′-phosphate. In CPR, the
hydroxyl groups of Ser596 and Tyr604 and NZ and NE atoms
of Arg597 and Lys602 (respectively) interact with the 2′-
phosphate of NADP+ (12). In MSR, three of the four residues
(Ser610, Arg611, and Tyr624) of the binding motif also stabilize
the 2′-phosphate. In addition, three well-ordered water
molecules form hydrogen bonds with the 2′-phosphate in

FIGURE 3: A cartoon representation of the human MSR FAD/
NADP(H)-binding module. The extended hinge region is in red,
and the connecting domain, FAD domain, and NADPH-binding
domain are in blue, yellow, and green, respectively. The FAD
(magenta) and the NADP+ (orange) of MSR are shown in stick
format. (B) Structure of the human MSR FAD/NADP(H)-binding
module superimposed with that for CPR (PBD 1AMO), with only
the FMN domain (cyan) and the FMN cofactor (yellow stick format)
of CPR showing. The MSR FAD/NADP(H)-binding module is
shown as in panel A.
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MSR. Although Lys623 is localized near the binding site, the
residue is solvent exposed and does not form any electrostatic
or hydrogen bond contacts with the coenzyme. The six amino
acid insert in the MSR consensus sequence for the 2′-
phosphate binding is disordered in the structure. This stretch
of amino acids likely represents a mobile loop, and it is
unclear how or whether this region affects nicotinamide
binding or influences the catalytic behavior of the enzyme.

Substrate Specificity. The network of residues stabilizing
the 2′-phosphate of the nicotinamide enables the enzyme to
discriminate between NADH and NADPH. The divergence
in the consensus sequence for MSR (Figure 2) suggests that
the preference of the enzyme for NADPH over NADH may
be different from that observed for other members of the
FNR extended family. To determine the substrate specificity,
the rate of MSR-catalyzed reduction of cytochromec3+, a
nonphysiological electron acceptor, was measured in the

presence of increasing concentrations of NADH or NADPH.
The steady-state kinetic parameters for both coenzymes are
summarized in Table 2. The specificity for NADPH versus
NADH is 19 400, similar to the value reported for CPR
(23 250;42) and slightly greater than the values reported
for nNOS (4987;43) and P450 BM3 (8571;44). Spinach
FNR has the greatest specificity for NADPH over NADH,
as the ratio for this enzyme is 67 500 (45). As the relative
preference of MSR for NADPH over NADH is within the
range expected for this family of enzymes, the absence of a
conserved lysine residue and insertion of six amino acids in
the consensus sequence do not markedly influence the
coenzyme specificity of MSR.

Isothermal Titration Calorimetry. ITC was used to inves-
tigate whether the structural difference observed in the
NADP+-binding site between MSR and CPR affects the
binding affinity for the nicotinamide coenzyme. The ther-

FIGURE 4: (A) Stereodiagram of the FAD binding in MSR. FAD and residues are shown as atom-colored sticks and lines, respectively.
Water molecules are denoted by red spheres. Interactions are shown as dotted lines. (B) Superposition of the MSR and rat CPR FAD
isoalloxazine-binding sites. FAD and residues are shown as atom-colored sticks and lines, respectively. MSR and CPR carbons are shown
as green and magenta atoms, respectively. (C) Superposition of the MSR and rat CPR FAD AMP-binding sites. FAD and residues are
shown as atom-colored sticks and lines, respectively. MSR and CPR carbons are shown as green and magenta, respectively. The structure
of CPR is from the following PDB entry: 1AMO.
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modynamic binding parameters were also determined for the
competitive inhibitor 2′,5′-ADP to isolate the contribution
in binding energy from the phosphoryladenosyl portion of
the molecule. Figure 6 represents the ITC binding isotherms
resulting from the titration of the isolated FAD/NADP(H)-
binding module or full-length MSR with NADP+ or 2′,5′-
ADP. In all cases, the binding isotherms were exothermic
and fit to a single-site model. The calculated binding
stoichiometry is∼1 for all four titrations (Table 3). The
observed dissociation constant (Kd) for the protein-NADP+

complexes with the FAD/NADP(H)-binding module (Figure
6A) or full-length MSR (Figure 6C) is∼36 µM (Table 3).
The competitive inhibitor 2′,5′-ADP exhibits tighter binding
to the NADP(H)/FAD-binding module (Figure 6B) and the
full-length enzyme (Figure 6D) as the dissociation constant
is ∼1-2 µM. Similar values for the dissociation constant
have been reported for interaction of 2′,5′-ADP nNOS (19)
and FNR (46). However, the binding of 2′,5′-ADP to CPR
is substantially tighter (Kd ) 53 nM; 47). Tighter binding
of 2′,5′-ADP to CPR might be due to more stable interaction
with the 2′-phosphate and/or the pyrophosphate moiety. More
significantly, the dissociation constant for NADP+-MSR (37
µM) is close to∼700-fold weaker than that for the NADP+-
CPR complex (Kd ) 53 nM;47). With CPR, the dissociation
constants for the NADP+ and 2′,5′-ADP complexes have
essentially identical values, indicating that the binding energy
for the coenzyme is supplied almost entirely through the 2′,5′-
ADP moiety and that the ribitylnicotinamide group does not
contribute significantly to stabilizing the protein-coenzyme

complex. By contrast, the ribitylnicotinamide portion of
NADP+ reduces the binding of the coenzyme in MSR, as
the dissociation constant for NADP+ is nearly 30-fold weaker
than that for 2′,5′-ADP.

Steady-State Inhibition of Cytochrome c3+ Reduction.
NADP+ and 2′,5′-ADP were used as inhibitors of MSR-
catalyzed reduction of cytochromec3+ to determine whether
the observed difference in dissociation constants (Kd) for
complexes formed with NADP+ and 2′,5′-ADP were mani-
fest as variations in the steady-state inhibition constants (Ki).
Double-reciprocal plots of initial velocity versus NADPH
concentration at several fixed concentrations of NADP+ or
2′,5′-ADP indicated that both substrates are competitive
versus NADPH. The inhibition data fitted to eq 3 (Table 4)
revealed that 2′,5′-ADP (Ki ) 2 µM) is a stronger inhibitor
for NADPH-catalyzed reduction of cytochromec3+ than
NADP+ (Ki ) 37 µM). For both inhibitors, the apparent
inhibition constants are essentially the same as the dissocia-
tion constants determined by ITC. The apparent dissociation
constants for NADPH and NADP+ determined from single-
turnover stopped-flow studies ranged between 37 and
60 µM (7).

Comparison of Electrostatic Surfaces in the NADP(H)-
Binding Cleft. In an attempt to interpret the substantial

FIGURE 5: Superposition of the MSR and rat CPR 2′-phosphate-
binding sites. The color scheme is as follows: oxygen, red; nitrogen,
blue; carbon of CPR, cyan; carbon of MSR, green; phosphorus,
orange. Residue numbers for MSR are written in green, and those
for CPR are in blue. Individual oxygen atoms of the 2′-phosphate
are labeled in italics. Hydrogen bond contacts in MSR and CPR
are denoted by black and red dashed lines, respectively, and water
molecules are red spheres. The structure of CPR is from the
following PDB file: 1JA1.

Table 2: Kinetic Constants for MSR-Catalyzed Reduction of
Cytochromec3+ with NADH and NADPH

substrate
kcat

(s-1)
Km

(M × 10-6)
kcat/Km

(s-1 M-1 × 10-3)
(kcat/KNADPH)/
(kcat/KNADH)

NADH 0.24( 0.03 3540( 560 0.0678( 0.0137
NADPH 3.92( 0.10 2.89( 0.18 1315.4( 88.5 19 400

FIGURE 6: Binding isotherms for the titration of MSR and the
isolated NADP(H)/FAD domain with NADP+ and 2′,5′-ADP: (A)
titration of NADP+ into the FAD domain, (B) titration of 2′,5′-
ADP into the FAD domain, (C) titration of NADP+ into MSR,
and (D) titration of 2′,5′-ADP into MSR. The MSR and FAD
domain concentrations were between 40 and 90µM, while the
NADP+ and 2′,5′-ADP concentrations were between 1.0 and 1.5
mM. All titrations were performed in 50 mM Tris/HCl, pH 7.5, at
25 °C, and the data in all four titrations were fit to a one-site model
as described in the Experimental Procedures. The thermodynamic
binding parameters∆S°, ∆G°, ∆H°, and Kd for the binding
isotherms are listed in Table 3.
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differences in affinities for NADP+ and 2′,5′-ADP for MSR
and CPR, electrostatic surfaces for the nicotinamide-binding
sites of both enzymes were generated (Figure 7). The volume
of the NADP+/FAD-binding cavity, calculated using the
program CASTp (48), is significantly smaller in MSR (1408
Å3) compared to CPR (1768 Å3). The differences in charge
around the FAD isoalloxazine ring likely account for
differences in redox potential values for the FAD cofactor
between the two enzymes (26, 49). While the binding pocket
around the 2′-phosphate is positively charged for both

enzymes, the binding cavity around the 5′-pyrophosphate
group is more negatively charged in MSR compared to CPR.
In particular, the solvent-exposed residue Asp652 of MSR is
positioned between the 5′-pyrophosphate and the isoallox-
azine ring of FAD (Figure 7A). The carboxylate side chain
of Asp652 has a largeB-factor value, suggesting a degree of
mobility for this side chain. In comparison, the carboxylate
side chain of the corresponding residue in CPR (Asp632) is
in a different position, pointing away from the isoalloxazine
ring (Figure 8A). The pyrophosphate group of NADP+ in
the CPR structure is stabilized by the amide nitrogen of Thr535

and through weak hydrogen bonds with the side chain of
Arg298. The pyrophosphate group in the MSR-NADP+

complex is stabilized through weak interactions with the side
chain of Lys291, the side chain of Ala653, and two water
molecules. These notable differences in residues surrounding
the pyrophosphate group in the MSR-NADP+ and CPR-
NADP+ complexes likely shift the orientation of the pyro-
phosphate group to a more solvent-exposed position in the
MSR-NADP+ complex.

In MSR, destabilization of NADP+ binding by the ribi-
tylnicotinamide ring might arise from the unique position
of the indole ring of Trp697 over there face of the FAD
isoalloxazine ring. For hydride transfer, the nicotinamide ring
must stack against the same face of the isoalloxazine ring
so that the C4 atom of NADPH is in close proximity to the
N5 atom of FAD. To facilitate this, Trp697 must swing away
from the FAD to avoid steric clashes with the nicotinamide
ring. The movement of this tryptophan residue has been
observed in stopped-flow fluorescence studies, and the rate
constant for this process is similar to the rate constant for
hydride transfer (7). An overlay of the FAD isoalloxazine
rings and the conserved tryptophan residues for MSR and
CPR reveals a different orientation for the aromatic stacking
residue (Figure 4B). In MSR, the entire indole ring of the
tryptophan residue stacks against the isoalloxazine ring,
whereas in CPR the tryptophan side chain (Trp677) is oriented
approximately 90° with respect to this residue in MSR so
that only the benzyl moiety of this residue stacks against
the isoalloxazine ring. Additionalπ-π interactions between
the isoalloxazine ring and the MSR Trp697 indole ring likely
result in greater thermodynamic stability for this conforma-
tional state and possibly weaker binding of the coenzyme.
The crystal structure of the NADP(H)/FAD module without
NADP+ bound reveals that binding of the coenzyme does
not alter the orientation or position of residues Trp697 and
Asp652.

However, it is likely that Asp652 of MSR moves for hydride
transfer to occur, as a superposition of the MSR structure
with that of a W677G mutant form of CPR shows that there
would be a steric clash between the ribose of NADP+ and

Table 3: Thermodynamic Parameters for Binding of NADP+ and 2′,5′-ADP to MSR and the FAD/NADP(H)-Binding Module of MSR As
Determined by Isothermal Titration Calorimetry

ligand Kd (µM) n ∆H° (kJ/mol) ∆G° (kJ/mol) ∆S° (cal mol-1 K-1)

MSR NADP+ 34.5( 1.7 0.98( 0.01 -29.98( 0.95 -25.47( 1.16 -11.81( 1.65
FADDa NADP+ 35.1( 0.4 1.11( 0.01 -40.12( 0.50 -25.06( 0.33 -50.36( 2.06
MSR 2′,5′-ADP 2.4( 0.1 0.96( 0.01 -29.39( 0.21 -32.03( 0.08 -7.43( 0.83
FADD 2′,5′-ADP 1.4( 0.1 1.11( 0.01 -34.10( 0.21 -32.94( 0.21 -3.88( 0.74
CPRb NADP+ 0.053 1.0 -70.2 -39.62
CPRb 2′,5′-ADP 0.050 1.1 -74.3 -40.45

a FADD is defined as the FAD/NAD(P)H-binding module of human MSR.b The values are from ref47.

Table 4: Kinetic and Inhibition Constants for MSR-Catalyzed
Reduction of Cytochromec3+ with NADPHa

inhibitor kcat (s-1) KNADPH (µM) Ki (µM)

NADP+ 7.23( 0.14 2.37( 0.17 36.89( 2.70
2′,5′-ADP 6.62( 0.13 1.95( 0.14 1.44( 0.11
a The values forKi were determined as described in the Experimental

Procedures.

FIGURE 7: Comparison of the electrostatic surfaces of the NADP+-
binding pockets in MSR (A) and CPR (B). NADP+ and FAD are
shown as green and yellow balls and sticks, respectively, and the
Asp652 of MSR and Arg634 of CPR are labeled. The electrostatic
surface is shown as blue for a positive potential and red for a
negative potential. The structure of CPR is from the following PDB
entry: 1AMO. The orientation was shifted between panels A and
B to observe the FAD and NADP+ molecules in CPR and MSR.
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the carboxylate group of Asp652 when the nicotinamide group
stacks against the FAD isoalloxazine ring (Figure 8B).
Substitution of Trp677 for a glycine residue in CPR effectively
removes the thermodynamic barrier for formation of the
productive catalytic complex which is observed in this mutant
cocrystallized with NADP+. Figure 8B also shows that Asp632

of CPR does not move when the nicotinamide ring forms
π-π interactions with the isoalloxazine ring, as the residue
is in the same position in both the wild-type and W677G
mutant forms of CPR. Moreover, the corresponding residue
in nNOS, Asp1385, also superimposes with Asp632 of CPR,

indicating that movement of the nicotinamide toward the
FAD ring is also not impeded by the presence of an acidic
side chain in this enzyme (data not shown).

Structural Basis for Hyperhomocysteinemia and Megalo-
blastic Anemia. A genetic impairment of MSR activity leads
to a rare autosomal recessive disorder, and the basis for these
disorders can now be analyzed from the structure of the
NADP(H)/FAD module of MSR. Affected individuals present
with megaloblastic anemia, hyperhomocysteinemia, and
hypomethioninemia, which can lead to developmental delay,
blindness, ataxia, cerebral atrophy, and neonatal seizures (25,
50). Several point mutations, isolated from affected patients,
have been localized to the gene encoding MSR, and residues
involved in these mutations are detailed in Figure S3 of the
Supporting Information. Of particular interest is an L576S
substitution, as this residue is conserved among diflavin
reductases. The mutation is localized in the NADPH-binding
domain, onâ-sheet 9, but it is unlikely to directly affect
binding of the substrate as it is>14 Å from the adenine
portion of the bound coenzyme. Other point mutations
include C405R, G487R, and G554R. The latter mutation
likely disrupts the local secondary structure as this residue
is positioned withinR-helix 9. As glycine residues have more
conformational freedom, a mutation to arginine may cause
the unusual backbone conformation of theR-helix to change
at this position. Gly487 is close to the pyrophosphate moiety
of FAD, and conversion of this residue to a bulky arginine
residue is likely to affect the binding of the cofactor. Cys405

is located in the connecting domain near the surface of the
protein and is close to Pro243 of the extended linker. Mutation
to an arginine is likely to create clashes with neighboring
residues and cause a localized change in secondary structure.

DISCUSSION

Herein we have presented a structural basis for impaired
coenzyme binding to MSR relative to binding in the related
protein CPR. Coupled with previous studies that (i) dem-
onstrate MSR has a slow rate of interflavin electron transfer
(7) and (ii) undertake a highly endergonic electron-transfer
step to reduce MS (2), it is apparent that a number of
mechanisms have evolved to attenuate catalytic turnover of
MSR in the cell. Is then methionine and folate metabolism
closely regulated by the ability of MSR to regenerate MS?
Is MS reactivation the rate-limiting step in overall methionine
synthesis? A common polymorphic variation within the MSR
reading frame, which causes minor impairment of MS
reactivation in vitro, yet is linked to a mild hyperhomocys-
teinemia phenotype (51), suggests that the rate of MSR
turnover is critical to methionine and folate metabolism.

A Model for a Role of the MSR Flexible Extension Region
in Electron Transfer. The most distinguishing structural
feature of the MSR FNR module is the position of the first
31 ordered residues of the extended hinge region, as it
follows a path away from the putative FMN-binding pocket.
This stretch of amino acids, along with the preceding 51
residues (not shown in the structure), serves to link the
connecting domain and FMN domain. The corresponding
“linker” in nNOS is a small (disordered) structural element,
yet it is envisioned to play an important role by enabling
large-scale motion of the FMN domain so that it can serve
as an electrical conduit between the FAD and the heme

FIGURE 8: (A) Superposition of the pyrophosphate-binding site for
NADP+ in MSR and CPR (PDB entry 1AMO). In MSR, Asp652 of
MSR is positioned between the pyrophosphate group and the
isoalloxazine ring of FAD, whereas the corresponding residue in
CPR, Asp632, is removed from the vicinity of the pyrophosphate
group. (B) Superposition of the pyrophosphate-binding site for
NADP+ in MSR with wild-type CPR (PDB entry 1AMO) and a
W677G mutant of CPR (PDB entry 1J9Z). The W677G mutant
structure of CPR shows the nicotinamide ring of NADP+ stacked
against the FAD isoalloxazine ring. The asterisk denotes a steric
clash between the carboxylate side chain of Asp652 from MSR and
the ribose ring of NADP+. The color scheme and the residue
numbering are as for Figure 5, except in panel B, the Asp632 residue
from wild-type CPR is in magenta.
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acceptor (18, 19). We suggest that the extended linker in
MSR, which occupies an unusual position in the crystal
structure, facilitates movement of the FMN domain in a
similar fashion. In this capacity, the extended linker might
allow MSR to mimic in part the two-component reactivation
system ofEscherichia colicobalamin-dependent MS (MetH),
a bacterial homologue of hMS. InE. coli, MSR function is
fulfilled by two flavoproteins: an FNR-like protein that
transfers NADPH-derived electrons via its FAD cofactor to
the FMN redox center of flavodoxin (6). Reduced flavodoxin
subsequently donates its electron to cob(II)alamin of MetH.
NMR studies have shown that Fld forms mutually exclusive
complexes with the FNR-like protein and MetH (52). The
same binding interface on the FMN domain of MSR may
also be shared between MS and the MSR NADP(H)/FAD-
binding module, and the linker may facilitate movement of
the FMN domain between the two.

Recent ITC studies revealed different binding stoichiom-
etries for the binding of full-length MSR (2:1) and the
isolated FMN domain (1:1) to the activation domain of MS
(2). These data indicate that only 50% of MSR forms a
complex with MS, pointing to the possibility that the enzyme
may fluctuate between two conformations. For example, in
one conformation (an “open” conformation) the FMN domain
is amenable for interaction with MS, while in another
conformation (“closed” conformation) the FMN domain is
in close proximity to the NADPH/FAD-binding domain.2

These multiple conformations would enable direct interac-
tions with the FAD cofactor (closed conformation) and
endergonic electron transfer to cob(II)alamin (open confor-
mation). The extended and mobile linker may act to “swing”
the FMN domain between the two states. This dynamic
motion of the FMN domain could account for the slower
rate of interflavin electron transfer observed in MSR
compared to CPR (7, 53, 54). Direct interflavin electron
transfer is expected to occur at a rate of 107 to 108 s-1 (55);
however, in MSR the rate of electron transfer between FAD
and FMN is 0.2 s-1 (as judged by buildup of the disemi-
quinone signal), and the corresponding rate in CPR is 55
s-1 (53, 54). Interflavin electron transfer may be gated by
MSR undergoing extensive conformational sampling prior
to electron transfer (i.e., the FMN domain may have to search
for a suitable docking site with the NADP(H)/FAD-binding
module that would facilitate direct electron transfer between
the FAD and FMN).

Contribution of the Adenosine and Nicotinamide Moieties
in Coenzyme Binding. Extensive mutagenic and crystal-
lographic studies have exposed the bipartite binding proper-
ties of NADP+ to spinach FNR (41, 46, 56). Interpretation
of binding data is assisted by visualizing the molecule split
along the pyrophosphate moiety, generating nicotinamide
mononucleotide (NMN) and the 2′,5′-ADP groups. For FNR
and the related diflavin reductases nNOS, MSR, and CPR,
the binding energy of the coenzyme is derived predominantly
from the 2′,5′-ADP moiety. This is the portion of the
molecule which is consistently observed in crystal structures
of NADP+ complexes of these proteins. In contrast, the NMN

moiety is flexible and often not observed in structures, the
case of nNOS being the exception. Typically the NMN group
does not contribute to the coenzyme binding energy.
However, in the case of FNR (5 kJ/mol) and to a greater
degree MSR (7 kJ/mol), the NMN portion of the molecule
contributes unfavorably to the binding energy of NADP+

(46). The unfavorable net free energy of binding of the NMN
is thought to arise from the energy lost through displacement
of the aromatic residue over there face of FAD (Tyr314 for
FNR and Trp697 MSR), thus offsetting any favorable binding
energy from NMN binding (56). Mutagenesis of Tyr314 to
Ser in FNR results in a 100-fold increase in binding affinity,
supporting the hypothesis that this aromatic residue desta-
bilizes coenzyme binding (41). The aromatic stacking residue
also appears to act in conjunction with the 2′-phosphate-
binding site in selecting for the phosphorylated form of the
nicotinamide, as the same mutation enhanced catalysis by
NADH 1700-fold (57). Analogous mutations in NOS and
P450 BM3 produce similar effects (40, 58-60). In the
absence of the aromatic stacking residue, either NADPH or
NADH can be readily accommodated in the binding site and
reduce the FAD. The role of the 2′-phosphate-binding site
in discriminating between the two coenzymes in such
circumstances becomes obsolete.

In contrast, the NMN group does not destabilize coenzyme
binding in NOS and CPR as NADP+ and 2′,5′-ADP have
nearly equal binding affinities in these enzymes (47, 58).
Both NOS and CPR have aromatic residues stacked against
the FAD, which partially blocks the nicotinamide ring from
stacking against the FAD isoalloxazine ring. However, a
comparison of crystal structures reveals reduced hydrophobic
stacking over the isoalloxazine ring in CPR and NOS,
compared to MSR. Thus, we suggest that less energy is
required for movement of the corresponding aromatic residue
in CPR and NOS. It seems as though CPR and NOS have
retained an aromatic residue at this position to retain
specificity for the coenzyme, but this residue is relatively
free to move so the binding of the coenzyme is not impaired.

Prior stopped-flow studies reveal that NADP+ and NAD-
PH have similar binding constants in MSR, suggesting that
the redox state of the NMN group does not significantly
affect the binding affinity of the coenzyme (7). The binding
affinity for NADPH is also likely to be significantly tighter
in NOS and CPR compared to MSR as similar stopped-flow
studies with these two enzymes showed that the rate of flavin
reduction under pseudo-first-order conditions is unaffected
by the coenzyme concentration (54, 61). The higher affinity
for NADPH in NOS and CPR likely allows these enzymes
to fulfill their demanding physiological redox roles, i.e., the
detoxification of endogenous compounds and the generation
of a ubiquitous intracellular signaling molecule (NOS). By
contrast, MSR needs only to turn over when MS becomes
inactive (once every 200-1000 catalytic cycles of MS) and
thus need not be catalytically efficient. Tight binding of
NADPH to MSR and relatively fast rates of electron transfer
would lead to nonproductive depletion of reduced nicotina-
mide coenzyme with the potential to generate unwanted
reactive oxygen species. The concentration of NADPH and
NADP+ in human neutrophiles at least is 36µM (62);
however, much of the cellular nucleotide is likely to be
protein-bound, so the effective cellular concentration is lower
(63).

2 We have also proposed, on the basis of the crystal structure of the
hMS activation domain (1), that the difference in binding stoichiometry
between the two protein complexes may represent MSR binding to the
dimeric form of the activation domain (2).
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The solvent-exposed Asp652 located near the pyrophosphate
might represent a further feature that weakens the binding
of NADPH and slows the overall catalytic turnover of the
enzyme. Although the residue is 4-5 Å away from the
pyrophosphate in the crystal structure, electrostatic repulsion
and/or steric interference may become important with rotation
along the dihedral angles of the pyrophosphate bond as
NADPH adopts a productive binding mode for catalysis. The
position of Asp652 may push an equilibrium distribution of
conformational states toward a nonproductive binding mode
for NADPH (ENADPH, Scheme 1).

A possible consequence of the low binding affinity for
NADPH is the diminished spectral signature reflecting the
formation of a charge-transfer complex (E′NADPH, Scheme
1), a kinetic intermediate seen in many nicotinamide-
dependent flavoproteins that represents close interaction of
the nicotinamide moiety and FAD isoalloxazine ring (7). The
reduced amount of such a species observed for the FNR
module of MSR can be rationalized if multiple conformations
of the enzyme-NADPH complex exist. In this case, the
presence of Asp652 (see above) would ensure that any
distribution of conformational states would be predominantly
toward a nonproductive binding mode (ENADPH, Scheme
1) and thus would not contribute significant charge-transfer
character during spectral analysis.

Concluding Remarks. The crystallographic structure of the
FNR module of MSR provides a framework to understand
the catalytic properties of MSR. The location of the hinge
region supports a hypothesis in which the FMN domain
adopts alternate conformations, thus allowing it to serve as
an electrical conduit between the FNR module of MSR and
the cob(II)alamin of MS. Compared with other diflavin
oxidoreductase enzymes, subtle structural alterations within
the active site weaken coenzyme binding. Compared with
related diflavin enzymes, MSR is catalytically sluggish. How
this impacts the mechanism of MS regeneration remains to
be answered, but it is conceivable that the slow turnover of
MSR (and thus MS reactivation) might be rate-limiting in
methionine synthesis.

SUPPORTING INFORMATION AVAILABLE

Three figures showing the electron density of the first
seven residues, the hinge region, and the ribose of FAD and
a figure depicting the location of four mutations localized
in individuals with a genetic deficiency in MSR activity. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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