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ABSTRACT. Methylenetetrahydrofolate reductases (MTHFRs; EC 1.7.99.5) catalyze the NAD(P)H-dependent
reduction of 5,10-methylenetetrahydrofolate (Etifolate) to 5-methyltetrahydrofolate (GHHsfolate)

using flavin adenine dinucleotide (FAD) as a cofactor. The initial X-ray structuréssherichia coli

MTHFR revealed that this 33-kDa polypeptide igfags barrel that aggregates to form an unusual tetramer

with only 2-fold symmetry. Structures of reduced enzyme complexed with NADH and of oxidized Glu28GIn
enzyme complexed with CiHjfolate have now been determined at resolutions of 1.95 and 1.85 A,
respectively. The NADH complex reveals a rare mode of dinucleotide binding; NADH adopts a hairpin
conformation and is sandwiched between a conserved phenylalanine, Phe223, and the isoalloxazine ring
of FAD. The nicotinamide of the bound pyridine nucleotide is stacked againgt faee of the flavin

ring with C4 adjoining the N5 of FAD, implying that this structure models a complex that is competent
for hydride transfer. In the complex with GHHsfolate, the pterin ring is also stacked against FAD in an
orientation that is favorable for hydride transfer. Thus, the binding sites for the two substrates overlap, as
expected for many enzymes that catalyze ping-pong reactions, and several invariant residues interact with
both folate and pyridine nucleotide substrates. Comparisons of liganded and substrate-free structures reveal
multiple conformations for the loogg2—a2 (L2), f3—a3 (L3), andf4—a4 (L4) and suggest that motions

of these loops facilitate the ping-pong reaction. In particular, the L4 loop adopts a “closed” conformation
that allows Asp120 to hydrogen bond to the pterin ring in the folate complex but must move to an “open”
conformation to allow NADH to bind.

Methylenetetrahydrofolate reductases (MTHRRSg}alyze donor. MTHFR is the only enzyme known to catalyze the
the reaction that provides one-carbon units for the conversiondirect exchange of a hydride between folate and FAD. In
of homocysteine to methionine (Scheme 1). The MTHFR ribothymidine synthase, reduced flavin is believed to react
reaction is the sole route to methyltetrahydrofolate, the donor with the nucleotide rather than with methylenetetrahydro-
for the remethylation of homocysteine that is catalyzed by folate (1).
cobalamin-dependent and cobalamin-independent methionine
synthases (MetH and MetE, respectively). MTHFRs catalyze Scheme 1: Reactions Catalyzed by MTHFR

the transfer of a hydride ion from NAD(P)H to methylene- 0
tetrahydrofolate (CktH4folate) using bound flavin adenine alu,
dinucleotide (FAD) as an intermediate hydride acceptor and :C[ ﬁ
HH O 4 NH CH3HN
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The enzymes from pig liver and frotdomo sapiensre
homodimers of 7677-kDa chains, each consisting of a
catalytic domain and regulatory regions that mediate allos-
teric responses t8-adenosylmethioninés{AdoMet) (2, 3).
These mammalian enzymes are specific for NADRH (
Bacteria express simpler MTHFR enzymes in which the
catalytic domain constitutes the entire sequeBseherichia
coli MTHFR (EC 1.7.99.5), the best characterized of these
enzymes, utilizes NADH rather than NADPH for reduction
of CHx-Hfolate ©). It is a homotetramer5( 6) of 33-kDa
chains, each 296 residues in lengi. (

Steady-state and transient kinetic studies of the mammalian
and bacterial enzymes, from the laboratories of Buchanan
et al. @, 9), Kutzbach and Stokstadly, and Matthews and
co-workers b, 10—12) have established that the reaction
proceeds as shown in Scheme 1. The data from these studies
are all consistent with a ping-pong reaction mechanism. In
both the mammalian and bacterial enzymes, each of the half-
reactions contributes tle (11, 13). Substrate inhibition,
which is often observed in enzymes that display ping-pong
kinetics, is especially pronounced in MTHFR, where
NAD(P)H binds tightly to the reduced enzyme and £Ht;-
folate binds tightly to the oxidized specieS, (L1). Both
NAD(P)H and methylenetetrahydrofolate react atghiace
of the flavin ring (L4) and are thus expected to occupy
overlapping binding sites.

The crystal structure of substrate-free MTHFR frém
coli revealed that the catalytic domain isf@s barrel and
was the first example of a triose phosphate isomerase (TIM)
barrel enzyme that binds FAD. Subsequently, FAD-depend-
ent proline dehydrogenase has also been shown tof®)a (
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barrel L5). In MTHFR, there face of the isoalloxazine ring
is completely buried; as expected, theface is open and  The yiew is toward thei face of the flavin and along the binding
accessible to solvent and substrates (Figure 1A). groove that is occupied by folate side chains. The MTHFR
Unlike most pyridine nucleotide-dependent enzymes, monomer is anf{a)s barrel with three extra-barrel helices. The
MTHFR does not d|sp|ay flngerprlnt Sequences that are N-terminal oA helix makes contacts at the dimer interface, while

. e . A o _helix 7A defines one side of the folate-binding groove. Loops that
typical for pyridine nucleotide binding, nor does it incorpo connectf strands with their following helices extend above the

rate a pyridine nucleotide-binding subdomain. To determine payre| in this view and are numbered to match the strands from
how pyridine nucleotides bind and interact wikh coli which they emanate; e.g., L2 conneggswith a2. (B) Assignments
MTHFR, we have now analyzed the structure of a complex of the secondary structures and other features of the MTHFR fold.
of the reduced wild-type enzyme with NADH. Folate binding The length of thes2—a2 connector (L2) depends upon pH and
has been examined in a complex of £Hifolate with the substrate binding (see the text).
E. coli Glu28GIn enzyme, a mutant protein that does not enzyme was stored at80 °C at a concentration of 16.5
catalyze the reversible half-reaction between reduced FAD mg/mL (500uM in monomer) in 50 mM KPat pH 7.2 with
and CH-H.folate (16) (Scheme 1). We have also analyzed 10% glycerol and 0.3 mM EDTA. Before use, excess FAD
a structure of substrate-free MTHFR at 1.85 A resolution, was added to thawed aliquots of the holoenzyme to yield a
using data from crystals equilibrated at pH 7.4. A comparison final concentration of 20M free FAD and the solution
with the initial structure determined at pH 617§ and with was spun at 10 000 rpm for 10 min to remove any precipitate.
the NADH and CH-Hjfolate complexes has revealed pH- Crystals were obtained by the hanging drop vapor-diffusion
dependent conformational equilibria that are coupled to method in combination with microseeding. For seeding, 2
substrate binding. uL of enzyme stock solution was mixed with 2 of
The structures reported in this paper show how the enzymecrystallization solution (14% PEG 4000, 225 mM,80y,
adapts to react with two chemically and structurally distinct 100 mM sodium cacodylate at pH 6.0, and 5% EtOH) and
substrates that occupy overlapping binding sites. In particular, microseeds from a diluted fresh seed stock were introduced
the loop bearing the active-site residue Asp120 alternateswith a cat whisker. Initial crystals for seed production were
between “open” and “closed” conformations to provide obtained by cocrystallization with NADat pH 5.5. As-
differential recognition of NADH and folate, while Phe223 sembled drops were held over 1 mL of reservoir solution
adopts alternate positions to bind either NADH or folate. and maintained in the dark at 2Z. Yellow monoclinic
MATERIALS AND METHODS crystals appeared overnight and grew to the final size within

1 week. Crystals of wild-type histidine-tagged MTHFR
Histidine-tagged wild-type and Glu28GIn MTHFR were

belong to space group2 (a = 103.24 A b =127.79 Ac
overexpressed and purified as previously describgdihe = 97.70 A, andB = 121.55) and contain three chains in

Ficure 1: (A) Ribbon drawing of the fold oE. coli MTHFR.
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Table 1: Data and Refinement Statistics

parameter/crystal &VT (pH 7.4) Bed"T*NADH (pH 7.25) Eed"T*NADH (pH 6.0) B, CU28GNMTHF (pH 7.4)
cell constants a=103.24 A, a=103.61A, a=102.19A, a=103.59 A,
b=127.79 A, b=127.74 A, b=128.16 A, b=127.81A,
c=97.70A, c=97.83A, c=96.86 A, c=97.95A,
f=121553 f=121.73 B =120.92 f=121.88
resolution (A) 26-1.85 20-1.95 20-2.20 20-1.85
completeness (%) 99.3 (97.6) 97.9 (96.4) 99.8 (99.9) 99.4 (99.7)
Roynf0C 0.047 (0.433) 0.038 (0.312) 0.065 (0.274) 0.060 (0.347)
I/olab 24.8 (3.0) 24.0 (4.2) 12.0 (3.0) 14.41 (3.79)
Rerys{ Rirec™® 0.216/0.238 0.219/0.245 0.217/0.254 0.219/0.238
correlation coefficierit 0.933 0.927 0.911 0.934

2 Statistics calculated using DENZO and SCALEPACK)( ° Statistics in highest resolution shell enclosed in parenth&€8egs = 3 [lobs —
lavgl/Y lobs @ Reryst = 3 ||Fobs — |Feaicd|/Y |Fobd s WhereFqps andFeaca are the observed and calculated structure factor amplitudes, respectivgly.
was calculated using random test sets-616% of the reflections. Calculated using the CCP4 program SFCHEQRB){ ([Fondcaicd - [Fond Fcaicd

[( EH:Zobg_ [H:obﬁ)(m:zcalcd]_ EE:calcdz)] 1/2-

the asymmetric unit (Table 1). Cell dimensions for the
substrate complexes are given in Table 1.

Preparation of Ex at pH 7.4. Crystals of oxidized
histidine-tagged MTHFR were titrated to pH 7.4 by a three-

Images were collected with & totation range and a crystal

detector distance of 125 mm. Intensities for both reduced
pyridine nucleotide complexes were measured under identical
conditions. Some reoxidation of the reduced complexes was

step serial transfer method. Crystals were transferred fromapparent at the end of data collection. Data for the Glu28GIn

mother liquor to pH 6.5 holding solution (15% PEG 4000,
225 mM Li,SOy, 100 mM sodium cacodylate at pH 6.5, and

CHs-Hsfolate complex were collected at the DND-CAT
5-IDB beamline at the Advanced Photon Source (APS) at

5% EtOH) and soaked for 30 min. Subsequently, crystals Argonne, IL.

were moved to cacodylate-buffered holding solutions of pH
7.0 and 7.4 and held in each solution for 30 min. The
cryoprotectant, methylpentanediol (MPD), was introduced
by 5 min soaks in pH 7.4 holding solution with an addition
of 5 and 10% MPD.

Preparation of E.q—NADH at pH 7.25Preparation of the
reduced enzymeNADH complex was undertaken after
equilibrated with NAD" and AAD (3-aminopyridine di-
nucleotide) failed to reveal difference electron density

Data collection and refinement statistics are presented in
Table 1. Intensities were integrated and scaled using DENZO
and SCALEPACK {8) for data collected on the R-AXIS
IV imaging plate or XDS 19) for data collected on the MAR
225 mm CCD at APS. Scaled intensities were converted to
amplitudes with the CCP4 program TRUNCATE0. For
oxidized MTHFR, the CCP4 program MOLRER1]j was
used for molecular replacement, employing a search model
derived from the crystal structure of the histidine-tagged

corresponding to bound ligands. Crystals were titrated to pH Glu28GIn mutant of MTHFR (Guenther, B., unpublished
7.4 (see above) and transferred to holding solutions contain-results). All three of the chains constituting the asymmetric
ing 5 and 10% meso-erythritol to effect cryoprotection. unit (17) were included in the initial searches. The model
Transfer to cryoprotecting solution that was 80 mM in derived from the refinement of the structure of oxidized
NADH (final pH 7.25) initiated reduction; this very high MTHFR at pH 7.4 (this work) was in turn used to solve the
concentration of NADH was required to ensure rapid and NADH and CH-Hfolate complexes by molecular replace-
complete reduction. The progress of reduction was monitoredment with EPMR 22). For the substrate-free and GH4-

by observing the transition of the crystal from yellow to folate structures, initial rigid-body refinement of individual
colorless. Crystals achieved full reduction ir2 min and chains was performed in CNS version 123), For the
were flash-cooled under liquid nitrogen and stored for several reduced pyridine nucleotide complex, rigid-body adjustment
days prior to data collection. All buffers were sparged with and several rounds of conjugate-gradient least-squares mini-
argon prior to use. Assignment of the ligand as NADH rather mization,B-factor refinement, and automated water picking

than NAD" is considered in the Results.
Preparation of E.q.—NADH at pH 6.0.Preparation of the
reduced enzymeNADH complex at acidic pH used the

were initially performed in SHELXZ4). Subsequent refine-
ment and rebuilding of all models was carried out with CNS
version 1.1 and Xfit (XtalView version 4.0R6), respec-

same methods as for the pH 7.25 complex (see above), exceptively. Rounds of refinement in CNS included simulated
that the crystals were held at pH 6.0 throughout. annealing in torsional space, coordinate minimization, and
Preparation of E°U28GIn,, —CHjs-H,folate. Crystals of the  restrained individuaB-factor adjustment with maximum-
oxidized Glu28GIn-CHs-Hfolate complex were obtained  likelihood targets. Data/parameter ratios were 2.9, 2.7, 1.9,
by modifying the protocol for preparation of the NADH and 3.2 for the oxidized substrate-free model, NADH
complex to include 10.0 mM CiHgfolate (Eprova) and 20  complex at pH 7.25, NADH complex at pH 6.0, and £H
mM sodium ascorbate. The final pH of the cryosolution was Hjfolate complex, respectively, when individuBl values
7.4. Cocrystallization with CkHjfolate did not lead to  were refined. NCS restraints were not applied because of
noticeable differences from the structure obtained by soaking several differences among the chains that are described in
the product into preformed crystals. the Results. Manual rebuilding included minor adjustment
Data Collection and Structure Refinemebiata for the of side-chain and backbone conformations as welleasao
crystal of oxidized histidine-tagged MTHFR were collected modeling of the N-terminal helixo(A) using Xfit. The initial
with an R-AXIS IV imaging plate detector at 140 K using strongest solvent peaks in the reduced pyridine nucleotide
CuKa radiation from a Rigaku RUHS3 rotating anode source. and CH-Hifolate complexes were identified by automated
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Ficure 2: (A) Electron density corresponding to NADH in the B chain of the reduced NADH complex.|Fhie< |F¢|) map computed

after annealing and refinement of a model omitting the pyridine nucleotide is contoured at®).Stereoview of the active site of reduced
MTHFR with bound NADH. The pyridine nucleotide adopts a highly folded conformation and is sandwiched between the flavin ring and
Phe223. The observed geometry is favorable for hydride transfer gfrth& hydrogen, with FAD N5-NADH C4 separated by 3.45 A.
Hydrogen bonds between NADH and GIn183, Thr59, and the solvent are indicated with green dashed lines.

water picking in Xfit 25). Additional solvents were added chains A and B are visible beginning at residue 3, but the
at peaks of positive difference density with sensible chemical density for the C chain begins at residue 22 in all of the
environments. All solvent sites were inspected, and their models. Residues 12328 are disordered in all three chains.
positions and values were refined with CN8).

Clear difference densities for the pyridine nucleotide and RESULTS
folate ligands appeared after initial rounds of refinement of . . .
their respective complexes. NADH and §Hfolate were _The structure of_ the s_ubstrate—free enzyme is depicted in
fit to the observed difference densities and refined with CNS Figure 1A in an orientation that displays the opface of
using parameter and topology restraints generated with thethe _flavm ring Whe_zre s_ubs_trates bind. Secondary structure
PRO-DRG server26). The B factors for all atoms of the assignments are given in F|gu.re 1B. Stru_ctur_es of the NADH
three NADH molecules were first set to the value of the @nd CH-H.folate complexes, illustrated in Figures 2 and 3,
Wilson B for the dataset, and group occupancy refinement define the substrate conformations and the substpatatein
was undertaken for each ligand. Partial occupancies wereinteractions that are responsible for binding and specificity.
then set at 0.85, and the individufactors for NADH atoms N the NADH complex, the nicotinamide stacks against the
were refined. ChHH.folate sites were assumed to be fully Siface of the isoalloxazine ring; residues in strafids /2,
occupied on the basis of the low gro@pfactors for this  100p L5, and helixa7a form the remainder of the binding
ligand. In all of the structures, the averagdactors for the Site for pyridine nucleotides (Figure 2B). In the &H.folate
A chain are much larger than for the B and C chains and complex (Figure 3), the pterin ring also stacks against the
the C chain displays conformational variations that are flavin, butthe PABA moiety and glutamate tail of the folate
attributed to effects of crystal contacts (see the Results). Our0ccupy unique positions that do not overlap the subsite for
analyses and conclusions about ligand interactions arethe AMP of NADH.
therefore drawn principally from chain B, which exhibits NADH Conformation and Interaction3here are several
small B factors and is free of crystal-packing artifacts. reasons to conclude that the ligand visualized in the active

The quality of the final models and their agreement with site is NADH rather than NAD. The half-reaction of NADH
X-ray data were assessed with the CCP4 programs PRO-with oxidized flavin proceeds in the crystal, but we expect
CHECK 27) and SFCHECK Z28). The only disallowed that, in the presence of very high concentrations of NADH,
conformation is found at Val155, which displays the same the NAD" product will be replaced to yield the doubly
backbone arrangement in all structures. The N termini of reduced Eq—NADH species. This expectation is supported
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Ficure 3: (A) Stereoview showing bound GHH,folate, FAD, and selected active-site residues.sEhfolate is shown in light green;

FAD is shown in yellow; and protein residues are shown in silver. The pterin ring adjoins the flavin isoalloxazine ring and is oriented by
Asp120 and GIn183. The PABA ring is surrounded by a hydrophobic box (formed by Phe223, Phel84, Leu212, and Leu277) that is open
at its front face. Thex-carboxyl group is bound by GIn219, while threcarboxyl group is bound by Arg279. GIn28 (Glu28 in wild-type
MTHFR) coordinates a water that is close to the folate N10. (B) Conformation of bousdHgIblate and its interactions with the protein.

The electron density is from an omit map3omputed after simulated annealing and refinement-Bkfolate is shown in cyan; FAD

is shown in yellow; and protein residues are shown in silver. Asp120 and GIn183 form bidentate interactions with the pterin ring.

by transient kinetic studies of the reductive half-reaction in  Four residues, GIn183, Thr59, Glu28, and Phe223, play
solution (1), which indicate rapid dissociation of the important roles in NADH binding and orientation (Figure
oxidized product. Further, NADH acts a substrate inhibitor 2B). GIn183 hydrogen bonds to the carboxamide side chain
(Ki ~ 10 uM), presumably by forming by &—NADH (16). of the nicotinamide. In the NADH complex at pH 7.25, the
In the structures with NADH bound, the nucleotide adopts carboxamide group is skewed in a way that suggests
a tightly folded conformation with the adenine and nicoti- interactions with both GIn183 and Glu28. The hydroxyl of
namide rings in van der Waals contact (Figure 2A). This Thr59 forms a hydrogen bond with thé-3ydroxyl of the
hairpin conformation of the bound pyridine nucleotide is adenine ribose. Glu28 coordinates a firmly bound water
achieved by unusual rotations about backbone oxygen molecule that hydrogen bonds to N3 of adenine. This solvent
phosphorus bonds, particularly by the torsions a8 and is also close to the'zhydroxyl of the adenine ribose. Phe223
pyridine nucleotide-O%of the dinucleotideZ9, 30). Within helps to support the folded binding mode of NADH by
the hairpin, the adenine and nicotinamide rings both adopt stacking against the adenine ring, forming one outer layer
the favorableanti conformation with respect to the ribose of the hydrophobic sandwich. The sandwich packing con-
moieties. strains the pyridine nucleotide hairpin in the direction
The pyridine nucleotide is wedged between the side chain perpendicular to the stacked rings, while the hydrogen-
of Phe223 and the isoalloxazine ring of FAD to make a bonding interactions control the rotation and translation of
4-layer sandwich, with the N5 of FAD 3.5 A from the C4 the nucleotide within the stack.
of NADH. The pro-Shydrogen of NADH is presented for At pH 7.25, the pyrophosphate moiety of NADH is in a
hydride transfer, consistent with the known stereochemistry polar environment with solvent molecules intervening be-
for the reaction catalyzed by the pig liver enzynfe)( tween the phosphates and residues Glu28 and Thr59. At pH
Reduction of the flavin upon addition of NADH to crystals 6.0, rotation of the dinucleotide hairpin brings the pyrophos-
of oxidized MTHFR confirms that the observed geometry phate closer to the residues that line the “bottom” of the
is favorable for hydride transfeB{, 32). This is the second  active-site pocket. This motion is accompanied by expulsion
example of a tightly folded pyridine nucleotide in a complex of the bridging water at Thr59 that appears to stabilize the
that is competent for reaction. The first reported example NADH complex at pH 7.25. As a result of this reorientation
was in flavin reductase PheA33), which also catalyzes of the bound pyridine nucleotide, some of the protein
hydride transfer between pyridine nucleotide and flavin (see pyridine nucleotide interactions are different in the structures
the Discussion). determined at pH 6.0 and 7.25. Rotation of the NADH
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Table 2: Conformations of L2 and L4 Loops
loop/structure BT (pH 6.1¢ EoxVT (pH 7.4) Eed"T-NADH (pH 6.0) Eed'*NADH (pH 7.25)} Eox®U28CMTHF (pH 7.4)

L4 (Asp120) closet open open open closed
L2 (Ala62) open closed open closed closed

2 Previously reported structuré ). ? See the text for the description of “open” and “closed” forms.

hairpin repositions the nicotinamide carboxamide group, A L4 |
which forms an exclusive bidentate interaction with GIn183 /
at pH 6.0. The two orientations of bound NADH are

compared in a figure that is included in the Supporting .?‘D12? Yy
Information. ¥ 1 L3

At the resolutions of the current structures, the X-ray data FAD  »=" .
cannot unambiguously determine the orientation of the ,_d'\ AP o J|AB2
carboxamide group of the nicotinamide. We have assigned A A r i\-'.‘.’_._-.r N63
the rotamer most frequently found in protein structures, with RS S ‘g‘é" N L2
the oxygencis to C4 @n ~ 180°). At pH 7.25, the NH of - = D _
nicotinamide can then serve as a hydrogen-bond donor to &L~ /Yeo e
the carbonyl oxygen of GIn183 (Figure 2), using the Hes /) B
orientation of the GIn183 amide that is uniquely defined in / >
the complex with CH+H folate (see below). However, at pH
6.0, either the GIn183 side chain or the carboxamide must .
change orientation relative to the positions assigned for the B L4 |
structure at pH 7.25. D120 ¢

CHs-HjFolate Conformation and Interaction¥he CH- f o%=3"N%_ 31
Hfolate product bound to MTHFR adopts an L shape, with o~ ¢ % Ne3
the pterin ring perpendicular to the plane of thara FAD o ¢ A62 L3
aminobenzoyl (PABA) group (Figure 3A). The pterin ring * L 50n '_}.-.-r
. . . . : k _ - e -
is stacked against the isoalloxazine ring of the flavin. ¥ Yo
However, the pterin and flavin rings are not completely ' . 4 :)" ‘j’ s L2
parallel but are instead tilted by the protrusion of the-N5 , s 100 [
CHs substituent. In this complex, the methyl carbon attached A, Z7 Yy /
to the N5 of CH-H,folate is 3.34 A from the flavin N5 and ~ 1Y Y60 {
positioned to donate a hydride to the oxidized flavin. Hgs

GIn183 and Aspl120 both provide bidentate interactions / '

with the pterin ring; GIn183 hydrogen bonds to N1 and NHS, FIGURE 4° DH- ndent chan in th nformations of |
and Asp120 hydrogen bonds to N3 and the exozlgkbup L2G,UL3, andpL4(.j((§£)elr?(t§hé gugstgrgtse-freteeerﬁgyn?e a?tp?i SGCI I?Zo?ss
at position 2 of the pterin (see Scheme 1 for numbering). open and L4 is closed. Asp120 is close to the flavin N1 and 02;
The PABA ring is surrounded by a hydrophobic quartet of Ala62 is separated from the flavin, and heti begins at residue
residues, Leu277, Leu212, Phe184, and Phe223, that form &3 (B) In the substrate-free enzyme at pH 7.4, L2 is closed and
binding pocket (Figure 3). Phe223 moves from its position 4 Is open. Asp120 moves away from the flavin, and 62 NH

. ] interacts with the flavin O2. Residues-685 form af turn, and
in the free enzyme, where it occludes the PABA pocket, t0 helix a2 begins at residue 67. The side chain of Asn63 interacts

provide one wall of this hydrophobic enclosure. Thear- with loop L4 in its open conformation.
boxyl group of the glutamate tail interacts with GIn219, while
the y-carboxyl group interacts with Arg279 (Figure 3). orientations of Asp120. At pH 6.117), the Asp120 side

L4 and L2 Loops Adopt Alternate Conformations, and the chain is positioned close to N1 of the flavin. This “closed”
Distribution of These Conformers Can Be Influenced by pH form (Figure 4A) is characterized by a hydrogen bond
and Ligand BindingThe f—a. connecting loops L4 and L2  between NH 120 and the flavin O2 and by a close approach
can adopt “open” or “closed” conformations in which the of the carboxylate of Asp120 to the NT2=O locus of
distances between key residues and the flavin ring vary. Thethe flavin. The carboxyl oxygens of Asp120 are 3.78 and
relative stabilities of these conformations depend upon pH 4.71 A from N1, respectively. In the “open” conformation
and can be altered by binding of substrates or products (Tableof L4 observed at pH 7.4, Asp120 forms a different set of
2). The roles of rearrangements of loops L2 and L4 in hydrogen bonds (Figure 4B).oC120 is displaced, and the
catalysis are considered in more detail in the Discussion. amide nitrogen of Asp120 moves away from the flavin O2

In the substrate-free enzyme at pH 61T7)( loop L4 is by more than 1.0 A relative to its position in the closed
closed and L2 is open, whereas at pH 7.4, L4 is open andconformation. A water molecule bridges O2 and Asp120 NH,
L2 is closed. The distinguishing features of these conforma- and the carboxyl oxygens of Asp120 are approximately 6 A
tions are depicted in Figure 4. Loop L4 comprises residues from the flavin N1.

118-131 and includes part of the conserved sequence, The open and closed conformations of L2, the connector
HBALRGD?!?. Although the loop is disordered beyond betweens32 anda?2, are also illustrated in Figure?4n the
residue 123, the initial residues can adopt at least two substrate-free enzyme at pH 6117, the L2 loop is a short
different conformations with characteristic but different sequence including only residues-682, with Asn63 form-
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ing the N-terminal cap of helixx2. This conformation of = observed or modeled in protein structures, but there are now
L2 is “open” in the sense that Ala62 is displaced from the three examples of tightly folded pyridine nucleotides bound
flavin ring, with the flavin O2 and 62 NH separated by about to flavoenzymes, including the MTHFRNADH complex.
5 A (Figure 4A). In contrast, the structure of substrate-free The first observation of a bound NADhairpin was made
oxidized MTHFR at pH 7.4 reveals a “closed” conformation by Tanner et al. in their analysis of flavin reductase P (FRP),
of L2 with a hydrogen bond between 62 NH and the flavin a flavoprotein that generates free reduced FMN as a substrate
02 (Figure 4B). This new hydrogen bond extends the for other enzymes, including luciferasg?j. In the FRP-
antiparallel arrangement of hydrogen bonds between theNAD* complex, NAD" is an inhibitor and binds the enzyme
pyrimidine portion of the flavin and the backbone segment in a nonproductive fashion, with the pyrophosphate moiety
60—62. The closed conformation of L2 is achieved by contacting the isoalloxazine ring of the flavin prosthetic
unwinding residues 6366 of helix a2; residues 6164 group. A productively bound folded NADwas subsequently
instead form a type-Ip turn, anda2 begins at residue 67. observed in another flavin reductase, Phe33 (where the
The effects of ligands on the loop conformations are nicotinamide and flavin rings are stacked in an orientation

summarized in Table 2. Steric clashes between the Asp120that appears to allow hydride transfer from the nicotinamide
carboxyl group and the nicotinamide ribose prevent binding C4 to the flavin N5. The binding mode observed in MTHFR

of NADH to the closed conformation of loop L4, which must  Similarly displays good geometry for hydride transfer and is
open to allow for formation of the NADH complex at pH Ppresumed to be catalytically competent. NADH can reduce
6.0. However, binding of NADH does not induce rearrange- the flavin cofactor when added to crystals of either MTHFR

ment of L2 at either pH 6.0 or 7.25. Similar to the substrate- or PheA2 83).

free enzyme, the L2 loop is open in the NADH complex at ~ The pyridine nucleotide conformations are almost identical
pH 6.0 but is closed in the NADH complex at pH 7.25 (Table in the productive complexes that are observed in MTHFR
2). Binding of CHs-Hfolate, which hydrogen bonds to and PheA2. Except for small differences at the nicotinamide

Asp120, induces the closure of L4 at pH 7.4 but does not ribose and phosphate, the hairpins can readily be superim-
force a rearrangement of L2. posed. Instead, it is the face of the flavin ring that
Interactions among Loops L2, L3, and L #he closed L2 distinguishes the structures of these two complexes.réhe
conformation is characterized by a close approach of Ala62 side of the isoalloxazine ring stacks against nicotinamide in
to the flavin. Another key feature of this conformation in PNeA2, whereas thei side is exposed for stacking in
substrate-free MTHFR at pH 7.4 is the presence of a MTHFR. o
hydrogen bond between the side-chain amide of Asn63 and In contrast, there are major differences between the folded
the backbone carbonyl of Asp120, which appears to stabilize form of the pyridine nucleotide in MTHFR and the hairpin
the open form of L4 (Figure 4A). Superpositions of the that forms an unproductive complex with FRP. The-S
substrate-free structures determined at pH 6.1 and 7.4 reveaf@ce Of nicotinamide is presented to the outside of the hairpin
that Asn63 in the closed L2 loop overlaps the position of iN MTHFR, and thepro-R face is buried, whereas in FRP,
Pro122 in the closed L4 loop. This overlap might have been the pro-Rface is accessible. Presentation of fiie-Rface
expected to preclude the simultaneous closing of both L2 1S accomplished by exchanging the positions of the adenine
and L4. However, in the CiH,folate complex, movement and nicotinamide rings rather than by rotation about the
of Pro122, which can no longer be modeled in the electron glycosidic N-C1 bond; the bases aemti in both conforma-

density, relieves this potential clash and the L2 and L4 loops tions. Interconversion of the hairpins requires large changes
are both closed. in the torsion angles along the €®—P-0—-P-0—-C5

backbone of the dinucleotide. It remains to be seen whether
he pro-Rhydrogen of an NADH conformer like that bound

0 FRP can be transferred to a flavin cofactor. While the
stereospecificity of hydride transfer is usually determined
by interactions with the carboxamide group of NAD(H), the
entire molecule may be involved in the selection process
when NAD(H) is tightly folded.

The most important aspect of NADH binding & coli
MTHFR is the use of stacking and hydrophobic interactions.
DISCUSSION The stacked NADH hairpin is wedged between Phe223 and

the isoalloxazine ring of FAD. It has relatively few hydrogen-

Pyridine Nucleotide ConformationSolution NMR studies ~ bonding interactions with protein residues compared to the
have previously established the existence of folded pyridine interactions commonly observed for extended pyridine
nucleotides in solution34—36). Free NAD' is an equilib- nucleotide complexes. The only direct hydrogen bonds are
rium mixture of folded and extended molecules. Until with the invariant GIn183 and Thr59. Despite the limited
recently, only extended pyridine nucleotides had been protein-NADH contacts, the inhibition constant for NADH

binding to reduced MTHFR is approximatelyi® and Ky

2In the C chains of the new structures reported in this paper, the L2 for NADH blndl_ng to the Ox'd'ZEd_ enzyme Is Jav (1) .
loop adopts an alternative open conformation with 62 NH displaced Thus, the stacking and hydrophobic interactions that position

from the flavin ring and a partly unravelex? helix. The “C-chain” the substrate must make significant contributions to the
conformation of L2 is a variant that seems to be maintained by binding energy

intermolecular contacts at the crystallographic 2-fold axis and is not . ) . . .
influenced by a shift in pH from 6.1 to 7.4 or by the presence of  PYyridine Nucleotide Selecity in MTHFR. Bacterial

substrates. MTHFRs are selective for NADH, while the mammalian

Thep—a loop L3 (residues 9195) also undergoes a pH-
dependent rearrangement that may be coupled with openin
and closing of L2. At pH 6.0, when L2 is open, Arg67 of
L2 hydrogen bonds with the carbonyl of 11e92. At higher
pH, when L2 is closed, this interaction is broken and replaced
by a new hydrogen bond between the hydroxyl of Tyr60
and the carboxylate of Asp93. This rearrangement is ac-
companied by a peptide flip in L3 at lle92Asp93.
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enzymes use NADPH4( 5). The mode of NADH binding The Glu28GInCH;-H folate product complex reveals how
in E. coli MTHFR suggests that discrimination against the enzyme is able to bind folate and position the-X{%F1;
NADPH binding arises from both steric overlap and the group of folate close to the flavin N5. However, the £H
absence of strong favorable charge interactions. A model of Hsfolate substrate cannot be accommodated by the enzyme
NADPH based on the known binding mode of NADH places in the same way as the product &€Hsfolate because of the
the 2 phosphate close to Phe30, Leu277, and Glu28 andtorsional restraints introduced by its closed five-membered
displaces two solvent molecules. The phosphate is a tightimidazolidine ring. It is likely that a conformational change
fit but can be modeled without any nonbonded contacts in the substrate accompanies ring opening, allowing the
shorter than approximately 3.0 A. Arg33 and Lys222 are intermediate iminium cation to adopt a binding mode more
nearby and could exert long-range electrostatic effects, butlike that of the product. Attempts to cocrystallize oxidized
there are no basic residues to interact directly with the addedGlu28GIn MTHFR with CH-H,folate or to diffuse this
charge of the 2phosphate as is typically the case in enzymes substrate into preformed crystals have failed to yield images
utilizing NADPH (38). Therefore, a phosphate at the 2-hy- of a bound folate. Docking a model of Giisfolate, using
droxyl position may be difficult to accommodate in the active the folded ring-closed conformation proposed for the ternary
site. complex of thymidylate synthase9), suggests that the
A comparison of the bacterial MTHFR sequences with PABA ring of CH,-Hjfolate may not be situated in the
the sequences of MTHFRs that are specific for NADPH does hydrophobic pocket in the initial complex with MTHFR. The
not show striking differences from thi. coli enzyme in affinity of the PABA pocket for the PABA group may
any of the residues of the pyridine nucleotide-binding site; promote the otherwise unfavorable ring opening by stabiliz-
in particular, the hydrophobic residues contacting the mod- ing the iminium cation intermediate. A PABA pocket is
eled 2 phosphate are retained. Thus, although the structureobserved in both MTHFR and the classical flavin-indepen-

seems to account for the preferencesofcoli MTHFR for dent thymidylate synthasell), enzymes that catalyze the
NAD*/NADH, it does not explain why the mammalian opening of the imidazolidine ring of GFHfolate, but is
MTHFR enzymes are specific for NADINADPH. not found in CH-Hafolate methyltransferases (MetE/MetH)

Although Phe223 interacts with each substrate in bacterial (42, 43), suggesting that this feature may be important for
MTHFR, stacking with the adenine ring of the pyridine catalysis.
nucleotide during one half-reaction and contacting the PABA  Properties and Role of Asp12@.was surprising to find
moiety in the other, this residue is not invariant. Among 21 the acidic residue, Asp120, near N1 of the flavin. Flavopro-
bacterial-type (single-domain) MTHFRs displaying sequence teins more frequently incorporate a basic residue or the
identity of 40% or greater with thie. colienzyme (excluding  N-terminal turn of ana helix at this site; either of these
sequences from othét. coli strains), Phe is found at this  neighbors offers charge compensation for an anionic reduced
position in 17. Methionine occupies this site in the remaining flavin (44, 45). Aspartate at this position was expected to
bacterial sequences. Variations are greater in MTHFRs fromlower the redox potential of the flavin and to destabilize the
higher organisms; Met, Leu, lle, and Val all occur at the anionic hydroguinone species because of unfavorable charge
position equivalent to Phe223, but Phe is not observed. charge repulsion. A shift in potential was indeed observed

Leucine interacts with the adenine ring of the NABairpin in the Asp120Asn mutant, but the change was not dramatic
in the PheA2NAD* complex @3). (16). Our observation that Aspl20 can adopt an open
Binding of Folate and Protonation of N1The folate half- conformation in which the carboxylate group is farther from
reaction in MTHFR involves acid-catalyzed ring opening of N1 helps to rationalize the relatively small effect of the
the five-membered imidazolidine ring of GhHifolate. Asp120Asn mutation on the potentials of the substrate-free

Glu28 has been implicated as the general acid that acts byprotein.

protonating N10 of the folate; its mutation to glutamine  Asp120 has been proposed to play significant roles in
renders the enzyme incapable of reducing the-Bifolate catalysis and in substrate binding during the oxidative half-
substrate with concomitant oxidation of reduced flavif)( reaction with methylenetetrahydrofolatis). The Asp120Asn

In the structure of the Glu28GI&H;-Hfolate complex, a enzyme exhibits a 150-fold decrease in the rate of reduction
water bound to GIn28 is located 3.4 A from N10 of §H  of CH,-Hfolate (16), suggesting that the charge on Asp120
Hfolate. A water is observed at the same site in the structuremay stabilize the putative 5-iminium cation intermediate
of the substrate-free wild-type enzyme. If Glu28 donates a (Scheme 1). The structure of the gH,folate complex with
proton to N10 of the ring-closed substrate via this coordinated the Glu28GIn mutant shows Asp120 in the closed conforma-
water, it can be reprotonated by a relay from the solvent tion where it forms hydrogen bonds with the 3 NH and the
that involves the conserved residues His273 and Ser26. Glu2&-exoNH groups of the product. It is tempting to assign a
is hydrogen-bonded to 42 of His273, which in turn is catalytic role to the closure of loop L4 that brings Asp120
hydrogen-bonded to the side chain of Ser26. Ser26 iscloser to the intermediate cation. Although the Asp120Asn
connected to waters that lead to the bulk solvent. The mutation increases thi€q for CH,-Hsfolate by a factor of
structure of the CktHfolate complex therefore supports the only 2, recent studies of additional mutants indicate that
conclusion that the Glu28GIn mutation abolishes catalysis hydrogen bonding to Asp120 makes significant contributions
of the folate half-reaction by disabling the protonation of to the affinity of MTHFR for CH-Hfolate @6).

N10. In the ternary complex of flavin-independent thymidy-  Coupling of Loop Conformational Changes and Ligand
late synthase (thyA) with methylenetetrahydrofolate and Binding. The observed variations in the conformations of
FAUMP 39), a water molecule coordinated by Glu58 is loops L2 and L4, the partial disordering of L4, and the
within hydrogen-bonding distance of N10 of folate and has elevated temperature factors in these loops all indicate that
been proposed to play an analogous rdi@).( they are mobile regions of the structure and suggest facile
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FicurRe 5: Stereoview of the superposition of the MTHRRDH complex (gold) and the MTHFRCHz-H,folate complex (gray). The L4
loop and Asp120 move as a rigid unit, with Gly119 providing a hinge. The N5-methyl gftifdlate and C4-H of NADH are oriented
for hydride transfer to N5 of FAD.

interconversion among the conformations. The groups re- hairpin minimizes the area required for recognition of the
sponsible for triggering the pH-dependent changes have notreducing substrate and allows the same subset of active-site
been identified, but we might expect ligand binding to affect residues to determine the binding of the two chemically
the equilibria near the approximate midpoint of the pH- different substrates. Local conformational changes are em-
dependent transitions in the structure. Indeed, binding of ployed for differential recognition of NADH and tetrahy-
NADH at pH 6.0 induces changes in L4. Likewise, formation drofolate. Phe223 stacks tightly against the adenine ring in
of the CH:-Hsfolate complex at pH 7.4 is accompanied by the NADH complex but swings out to lie over the PABA
closure of L4 and some disordering of the residues down- moiety of tetrahydrofolate. At the opposite end of the active
stream of Asp120, changes which probably decrease thesite (Figure 5), loop L4 closes to allow Asp120 to interact
measured affinity of MTHFR for the product. The folate with folates but moves away to avoid interference with the
complex is the only one of the observed structures in which binding of the pyridine nucleotide substrate. This Spartan
both L2 and L4 adopt closed conformations. strategy for substrate binding is not nearly as costly as
In free oxidized enzyme at pH 7.4, L2 is closed, whereas acquiring an additional domain to recognize an extended
L4 is open. We surmise that a structure with L2 closed and pyridine nucleotide.
L4 open is also preferred by the substrate-free reduced
enzyme. This arrangement of the loops lessens chargeACKNOWLEDGMENT
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