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ABSTRACT: The flavoproteinEscherichia colimethylenetetrahydrofolate reductase (MTHFR) catalyzes
the reduction of 5,10-methylenetetrahydrofolate (CH2-H4folate) to 5-methyltetrahydrofolate (CH3-H4folate).
The X-ray crystal structure of the enzyme has revealed the amino acids at the flavin active site that are
likely to be relevant to catalysis. Here, we have focused on two conserved residues, Asp 120 and Glu 28.
The presence of an acidic residue (Asp 120) near the N1-C2dO position of the flavin distinguishes
MTHFR from all other known flavin oxidoreductases and suggests an important function for this residue
in modulating the flavin reactivity. Modeling of the CH3-H4folate product into the enzyme active site
also suggests roles for Asp 120 in binding of folate and in electrostatic stabilization of the putative 5-iminium
cation intermediate during catalysis. In the NADH-menadione oxidoreductase assay and in the isolated
reductive half-reaction, the Asp120Asn mutant enzyme is reduced by NADH 30% more rapidly than the
wild-type enzyme, which is consistent with a measured increase in the flavin midpoint potential. Compared
to the wild-type enzyme, the mutant showed 150-fold decreased activity in the physiological NADH-
CH2-H4folate oxidoreductase reaction and in the oxidative half-reaction involving CH2-H4folate, but the
apparentKd for CH2-H4folate was relatively unchanged. Our results support a role for Asp 120 in catalysis
of folate reduction and perhaps in stabilization of the 5-iminium cation. By analogy to thymidylate synthase,
which also uses CH2-H4folate as a substrate, Glu 28 may serve directly or via water as a general acid
catalyst to aid in 5-iminium cation formation. Consistent with this role, the Glu28Gln mutant was unable
to catalyze the reduction of CH2-H4folate and was inactive in the physiological oxidoreductase reaction.
The mutant enzyme was able to bind CH3-H4folate, but reduction of the FAD cofactor was not observed.
In the NADH-menadione oxidoreductase assay, the mutant demonstrated a 240-fold decrease in activity.

Methylenetetrahydrofolate reductase (MTHFR)1 catalyzes
the reduction of 5,10-methylenetetrahydrofolate (CH2-H4-
folate) to 5-methyltetrahydrofolate (CH3-H4folate) using
flavin adenine dinucleotide (FAD) as coenzyme, as shown
in eq 1.

Rapid-reaction kinetic studies described in the preceding
paper in this issue (1) have established thatEscherichia coli

MTHFR catalyzes the individual half-reactions constituting
this reaction (shown in eqs 2 and 3) at rates consistent with
the observed rate of overall turnover.

The enzyme employs a ping-pong Bi-Bi mechanism in
which NAD(P)+ release precedes the binding of CH2-H4-
folate. Similar results have been reported for the porcine
enzyme (2, 3).

Previous studies with porcine MTHFR have investigated
the stereochemistry and mechanism of the NAD(P)H-CH2-
H4folate oxidoreductase reaction. In the reductive half-
reaction, NAD(P)H binds at thesi face of the FAD and the
4S-hydrogen of NAD(P)H is transferred as a hydride to N5
of the FAD cofactor (4). NAD(P)+ then dissociates from the
enzyme. In the oxidative half-reaction (Scheme 1), CH2-H4-
folate also binds at thesi face of the reduced FAD (5),
consistent with the ping-pong Bi-Bi mechanism. Protonation
of N10 is proposed to lead to opening of the five-membered
imidazolidine ring of CH2-H4folate and to the generation of
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CH2-H4folate+ NAD(P)H + H+ f

CH3-H4folate+ NAD(P)+ (1)

E-FADox + NAD(P)H f E-FADred + NAD(P)+ (2)

E-FADred + CH2-H4folatef

E-FADox + CH3-H4folate (3)
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a 5-iminium cation. Transfer of a hydride from N5 of the
reduced FAD to the exocyclic methylene group (C11) yields
the product CH3-H4folate (5).

The roles of specific amino acid residues in the enzymatic
mechanism of MTHFR are currently unknown. The X-ray
structure ofE. coli MTHFR has been determined (6), and it
has identified several conserved residues near the flavin that
may participate in substrate binding and/or catalysis. In
contrast to all other known flavin oxidoreductases, MTHFR
was found to have a completely conserved acidic residue
(Asp 120) near the N1-C2dO position of the flavin. A basic
residue or a positive helix dipole resides at this location in
the other flavin oxidoreductases, where the positive charge
aids in stabilization of the anionic form of the reduced flavin
hydroquinone (Figure 1, structure B) (7, 8). The pKa of Asp
120 in MTHFR is not known; however, we presume that in
the reduced state of the enzyme, electrostatic repulsion
between a negatively charged aspartate residue and an
anionic hydroquinone would favor formation of the neutral
flavin hydroquinone (Figure 1, structure C). To test the
influence of Asp 120 on the redox properties of the enzyme-
bound FAD, we have substituted the neutral asparagine for
Asp 120 inE. coli MTHFR.

The least understood features of the MTHFR enzyme
reaction are those involving the folate substrate. CH2-H4-
folate is an aminal, the nitrogen analogue of an acetal, and
the mechanism by which it undergoes reduction by reduced
flavin is of interest. It has been proposed that the first step
is an acid-catalyzed opening of the folate ring to form the
more reactive 5-iminium cation (Scheme 1). Studies of the
nonenzymatic condensation of formaldehyde with H4folate
to form CH2-H4folate provide evidence that a 5-iminium
cation is an intermediate in that reaction (9). Moreover,
parallels can be drawn between the folate binding and
activation mechanisms of MTHFR and the structurally
unrelated enzyme thymidylate synthase (10), which utilizes
CH2-H4folate in the reductive methylation of dUMP to
dTMP. In the thymidylate synthase reaction, CH2-H4folate,
activated by conversion to the 5-iminium cation, undergoes
nucleophilic attack by C5 of dUMP to form a ternary
covalent intermediate complex. Breakdown of this covalent
complex followed by hydride transfer then yields the
products dTMP and H2folate (11). Structural evidence for
formation of the 5-iminum folate cation has been obtained
in thymidylate synthase; a 5-OHCH2-H4folate species, the
product of the reaction of a 5-iminium cation with water,
was directly observed by X-ray crystallography (12).

Figure 2 shows a model of the CH3-H4folate product
positioned in the proposed folate binding site ofE. coli

MTHFR (6). The modeling started with 5-formyltetrahydro-
folate (folinic acid), obtained from the structure of a complex
with E. coli dihydrofolate reductase (PDB filename 1JOL)
(13). We retained the pterin ring conformation observed in
that study, removed the oxygen of the formyl group, and
repositioned thep-aminobenzoate (pABA) ring by rotation
about the C6-C9, C9-N10, and N10-pABA bonds. In our
model, the pterin ring is stacked against thesi face of the
FAD and the C11 methyl group is positioned for transfer of
a hydride to N5 of the FAD. Two invariant active site
residues, Asp 120 and Gln 183, can form hydrogen bonds
with pterin atoms, and the invariant Glu 28 is near N10.

The position of Asp 120 within hydrogen bonding distance
of the folate pyrimidine ring suggests two possible roles for
this residue in folate binding and catalysis. First, hydrogen
bonding between the carboxylate of Asp 120 and the N3
and/or 2-amino groups of the pyrimidine ring (Figure 2) may
facilitate binding of CH2-H4folate. Structural studies ofE.
coli thymidylate synthase have revealed that a completely
conserved aspartate residue (Asp 169) also hydrogen bonds
to N3 and, via a water molecule, to the 2-amino group of
CH2-H4folate (10, 14). Moreover, hydrogen-bonding interac-
tions between an aspartate and the pterin ring have been
observed in the X-ray structures of the folate-dependent
enzymes dihydrofolate reductase (15), dihydropteroate syn-
thase (16, 17), and methylenetetrahydrofolate dehydrogenase/
cyclohydrolase (18), suggesting common involvement of an
aspartate in folate binding and/or catalysis.

We propose that a second role for Asp 120 in MTHFR is
to promote formation and/or stabilization of the putative
5-iminium cation folate intermediate. A negatively charged
aspartate may provide favorable electrostatic interactions with
the short-lived iminium cation species. An asparagine at
position 120 of E. coli MTHFR would alter both the
hydrogen bonding interactions with the pterin ring and the
electrostatics of the active site. To test the influence of Asp
120 on folate binding and catalysis, we prepared the
Asp120Asn mutant enzyme.

In the oxidative half-reaction of MTHFR, protonation of
N10 by a general acid catalyst on the enzyme would enhance
its leaving-group ability and, thereby, facilitate opening of
the imidazolidine ring to generate the 5-iminium cation.
Structural data have revealed a conserved glutamate (Glu
60) at the active site ofE. coli thymidylate synthase (10,
19). It has been proposed that this glutamate, via a network
of water molecules, may be a general acid catalyst involved
in protonating N10, the initial step in CH2-H4folate activation
(10, 20). In our model of CH3-H4folate bound in the active
site ofE. coli MTHFR (Figure 2), Glu 28 is positioned near

Scheme 1: Proposed Mechanism for Oxidative Half-Reaction
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N10 and the C11 methyl group is close to the N5 of the
FAD, situated for hydride transfer. We propose that Glu 28
in MTHFR may serve directly or via water as a general acid
catalyst for protonation of N10. To explore the role of Glu
28 in folate activation and catalysis, we have replaced Glu
28 with glutamine.

In this paper, we characterize the MTHFR mutant enzymes
Asp120Asn and Glu28Gln. We have determined kinetic
parameters for the mutants in each of the three oxidoreduc-
tase reactions catalyzed by MTHFR and in the individual
half-reactions constituting these reactions by steady-state and
stopped-flow kinetic methods. In support of our model for
folate binding, we find that both mutations have profound
effects on the reaction with folate. Our results underscore
the important roles of aspartate and glutamate residues in
folate activation and catalysis.

EXPERIMENTAL PROCEDURES

Materials.Robert Blumenthal provided the pGP1-2 plas-
mid (21). Anthraquinone 1-sulfonate was a gift from Vincent
Massey. Restriction enzymes were purchased from New
England Biolabs. All DNA primers were synthesized at the
University of Michigan DNA Synthesis Core Facility. All
other materials were as described (1).

Methods. All experiments were performed at 25°C in 50
mM potassium phosphate (pH 7.2) containing 0.3 mM EDTA
and 10% glycerol (protein buffer). UV-vis absorption
spectra were recorded with a Shimadzu UV2501PC double-
beam spectrophotometer or a Hewlett-Packard 8453 diode
array spectrophotometer. Rapid-reaction studies were carried
out with a Hi-Tech Scientific SF-61 stopped-flow spectro-
photometer. Samples for all stopped-flow experiments con-
tained 200µM protocatechuate (PCA) and∼0.1 units mL-1

protocatechuate dioxygenase (PCD) as an oxygen-scavenging
system (22). All methods were as described in the preceding
paper in this issue (1) unless otherwise specified below.

Construction of Asp120Asn and Glu28Gln Mutant Plas-
mids. The starting point for the construction of the Asp120Asn
and Glu28Gln mutant plasmids was the pCAS-30 plasmid,
a derivative of pET-23b (Novagen, Milwaukee, WI), which
contains theE. coli MTHFR coding sequence juxtaposed to
a C-terminal histidine tag under control of the T7 RNA
polymerase promoter (23). The mutant plasmids were made
by using a PCR-based primer overlap extension method
previously described (23, 24). With this method, a total of
four PCR primers and two rounds of PCR reactions are
needed to produce each mutation. The Asp120Asn mutation
was created using the primers DN2* (5′-CTTCCCGGC-
GGCAGGTTGCCACGCAGCGCG-3′) and DN3 (5′-GGC-
GCTGCGTGGCAACCTGCCGCCGGGAAG-3′), while the
Glu28Gln mutation was created using primers EQ2* (5′-
CGCGGCGGGAAAAATTGGAACGAAACGTTA-3′) and
EQ3 (5′-TAACGTTTCGTTCCAATTTTTCCCGCCGCG-
3′). For both mutations, Primers P1 (5′-gaccacaacggtttccct-
tctagagtcg-3′) and P4* (5′-GCTTAAAATCTTCACCATATC-
CATGGCAAT-3′) were used to synthesize the outside
flanking regions containing theXbaI and NcoI restriction
enzyme sites. The asterisks denote sequences corresponding
to the coding strand of theE. coli MTHFR gene. Sequences
contained within the coding region of the gene are shown in
uppercase, while those from noncoding regions are in
lowercase; underlined sequences indicate changes made to
introduce the Asp120Asn or Glu28Gln mutations. The
Asp120Asn mutation generated aBspMI restriction site; the
Glu28Gln mutation generated aTsp509I site. The Asp120Asn
and Glu28Gln mutant plasmids were constructed by the same
procedure. For each mutation, plasmid pCAS-30 (23) was
used as the template for the first round of PCR reactions,
whereas the second round of PCR reactions used the
amplified products from the first round as template. The
resultant PCR product was digested withXbaI and NcoI
enzymes to generate an 806 bp fragment. This fragment was
then ligated into a 3664 bpXbaI-NcoI fragment of pCAS-
30 to generate a 4470 bp expression plasmid. The plasmid
containing the Asp120Asn mutation was designated pEET1.8,
while that containing the Glu28Gln mutation was designated
pEET3.10. The sequences of the mutant plasmids were
confirmed by restriction enzyme analyses and by DNA

FIGURE 1: Possible structures of oxidized and reduced flavin. (A)
Oxidized flavin. (B) Reduced anionic hydroquinone; negative
charge resides at the N1-C2dO position. (C) Reduced neutral
hydroquinone; N1 is protonated. R refers to ribityl phosphate (FMN)
or to ribityl phosphate adenylate (FAD). The pK for ionization of
the neutral hydroquinone in solution is 6.7 (50).

FIGURE 2: Model of CH3-H4folate bound in the active site ofE.
coli methylenetetrahydrofolate reductase. The CH3-H4folate product
was generated from 5-formyltetrahydrofolate (folinic acid) (13) by
removal of the oxygen of the formyl group and repositioning of
the pABA ring by rotation of the C6-C9, C9-N10, and N10-
pABA bonds. Conserved residues, aspartate 120, glutamate 28, and
glutamine 183, of MTHFR are shown.
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sequencing at the University of Michigan Sequencing Core
Facility.

Expression and Purification of Asp120Asn and Glu28Gln
Mutants. To eliminate wild-type contamination of the
Asp120Asn and Glu28Gln mutants, it was desirable to
express the mutant plasmids inE. coli strain AB1909 (metF
arg lac) (25). Strain AB1909 contains an uncharacterized
mutation in the MTHFR (metF) gene, which leads to
inactivity of the enzyme and methionine auxotrophy (25).
Because AB1909 lacks the ability to express T7 RNA
polymerase, which is necessary for production of the mutant
proteins, the strain was first transformed with plasmid
pGP1-2 (21). This plasmid contains the gene for T7 RNA
polymerase under control of theλpL promoter that is
repressed by a temperature-sensitive repressor (cI857); in
addition, it contains the gene encoding resistance to kana-
mycin. Thus, at 30°C, thecI857 repressor inhibits transcrip-
tion of T7 RNA polymerase; at 42°C, the repressor is
inactivated, allowing expression of the polymerase.

Transformation of E. coli AB1909/pGP1-2 with the
Asp120Asn mutant plasmid (pEET1.8) generated the strain
EET-10, whereas transformation with the Glu28Gln plasmid
(pEET3.10) generated strain EET-12. For production of the
mutant MTHFRs, 1 L of LB medium containing 60µg/mL
ampicillin, 60µg/mL kanamycin, and 10µM riboflavin was
inoculated to an OD600 of ∼0.05 with strain EET-10 or EET-
12. The cells were allowed to grow at 30°C for ∼3 h until
they reached an OD600 of 1.0. Protein expression was induced
by placing the cultures in a 42°C water bath for 30 min.
After heat induction, the cells were grown at 37°C until
they reached stationary phase (OD600 of ∼5), after about 4
h, and then they were harvested. The cell pellets were frozen
in liquid N2 and stored at-80°C prior to protein purification.
The histidine-tagged Asp120Asn and Glu28Gln mutant
proteins were purified by the procedure described (1) with
the following modification. To improve the yield, the cells
were sonicated in a low salt buffer (20 mM sodium
phosphate, pH 7.4, 10 mM imidazole, and 10% glycerol).
Following centifugation, NaCl was added to the supernatant
to a final concentration of 0.5 M. Using this procedure, 15
mg of purified mutant protein were obtained from 1 L of
cell culture. High levels of expression of the histidine-tagged
mutant proteins and growth in LB medium containing
methionine, which strongly represses expression from the
wild-type metFpromoter, ensure that significant oligomer-
ization of mutant and wild-type protein does not occur.

Midpoint Potential Determination.The midpoint potentials
for the Asp120Asn and Glu28Gln enzymes were determined
as described for the wild-type enzyme (1), but with the
following modifications. Anthraquinone 1-sulfonate was used
as the redox dye at a concentration of 40µM. The Em for
the anthraquinone 1-sulfonate redox couple is-218 mV at
pH 7.0 (26), and at pH 7.2,Em is calculated to be-230 mV
(27). Because of significant overlap between the absorbance
spectra of oxidized/reduced dye and oxidized/reduced en-
zyme, a single wavelength could not be used to follow the
reduction of dye or enzyme. Instead, for each spectrum, the
contributions of the absorbing species (oxidized/reduced dye,
oxidized/reduced enzyme) at two wavelengths, 379 nm (λmax

for reduced dye) and 447 nm (λmax for oxidized enzyme),
were calculated by the following method. The extinction
coefficients of each absorbing species at the 379 and 447

nm wavelengths were determined by titrating enzyme in the
absence of redox dye and by titrating anthraquinone 1-sul-
fonate dye in the absence of enzyme using the xanthine/
xanthine oxidase method. The values calculated for the
extinction coefficients (ε) at 379 nm were (E, enzyme; D,
Dye; all units in M-1 cm-1) Dox, 438; Dred, 5844; Eox, 11083;
Ered, 5233. At 447 nm, the extinction coefficients were (all
units in M-1 cm-1) Dox, 130; Dred, 3202; Eox, 14100; Ered,
1543. The application of Beer’s law (path length) 1 cm)
yielded eq 4.

Employing 20 and 40µM as the total concentrations of
enzyme and dye, respectively, and rearranging, Eq 5

was applied to data collected at wavelengths 379 and 447
nm over the time period of the experiment. Using the
program Excel (Microsoft Corporation), the set of two
equations and two unknowns was solved for each spectrum,
yielding the concentrations of oxidized enzyme and oxidized
dye. The corresponding concentrations of reduced enzyme
and reduced dye were then computed, and the midpoint
potential was determined using the method of Minneart (28).

Titration of Enzyme with CH3-H4folate. Titrations were
performed using anaerobic cuvettes equipped with capillary
fittings for gastight Hamilton syringes (29). A 1.2 mL
solution of 15µM enzyme was placed in an anaerobic cuvette
and deaerated by 10 cycles of alternate evacuation and
equilibration with oxygen-free argon. Under anaerobic
conditions, the enzyme solution was titrated with aliquots
of an anaerobic 3.3 mM solution of (6S)-CH3-H4folate. After
each addition of (6S)-CH3-H4folate (0.5-5 M equiv), an
absorbance spectrum between 200 and 800 nm was recorded.

RESULTS

Spectral Properties Are Not Significantly Affected by
Mutations Asp120Asn or Glu28Gln.The E. coli AB1909
strain containing a mutation in the wild-type MTHFR gene
(25) was used to produce the Asp120Asn and Glu28Gln
mutants. The mutant proteins were purified by the same
procedure as wild-type MTHFR. The absorbance spectrum
of the Asp120Asn mutant was identical to that of the wild-
type enzyme, with a maximum at 447 nm for the enzyme-
bound FAD. The maximal absorbance of the Glu28Gln
enzyme was shifted slightly to 448.5 nm. The molar
extinction coefficients of the two mutants were determined
to be 14 300 M-1 cm-1, the same as that reported for the
wild-type enzyme (23). FAD is nonfluorescent when bound
to wild-type MTHFR (6) or to either of the two mutant
enzymes. The similar spectral properties of the mutant and
wild-type enzymes suggest that the protein structure has not
been perturbed significantly by either mutation. Preliminary
X-ray structural data on the Glu28Gln mutant support this
view (Guenther, B. D., Garrett, E. G., and Ludwig, M. L.
unpublished results).

Enzyme Midpoint Potential Is Raised by Mutations
Asp120Asn or Glu28Gln.In flavoproteins, the midpoint

Abs ) εEox
cEox

+ εEred
cEred

+ εDox
cDox

+ εDred
cDred

(4)

Abs ) cEox
(εEox

- εEred
) + cDox

(εDox
- εDred

) +

εEred
(20× 10-6 M) + εDred

(40× 10-6 M) (5)
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potential (Em) of the bound flavin can be significantly
influenced by the protein environment surrounding the flavin.
A redox dye method (30) described in ref1 was employed
to determine the two-electron midpoint potentials of the
Asp120Asn and Glu28Gln mutant enzymes at pH 7.2 and
25 °C. In this method, a redox dye is chosen that has a
midpoint potential within(30 mV from that of the unknown.
After preliminary studies indicated that the mutant enzymes
were more readily reduced compared to a phenosafranine
dye (Em ) -258 mV at pH 7.2), anthraquinone 1-sulfonate,
a redox dye of higher midpoint potential (-230 mV at pH
7.2) (27) was used. For both mutant enzymes, the resulting
Nernst plots (data not shown) were linear, except for the
points corresponding to less than 10% or more than 90%
reduced dye or enzyme. From the linear portions of the plots,
the midpoint potentials were determined to be-210 ( 4
and -207 ( 4 mV for the Asp120Asn and Glu28Gln
mutants, respectively (Table 1). Experiments employing
phenosafranine as redox dye yielded midpoint potential
values similar to those determined with anthraquinone
1-sulfonate.

In summary, the measured midpoint potentials of the
Asp120Asn and Glu28Gln mutants were 27-30 mV greater
than that of the wild-type enzyme [-237 mV (1)], consistent
with a loss of negative charge near the flavin in both of the
mutant enzymes. An average 29 mV increase in the midpoint
potential corresponds to a relative thermodynamic stabiliza-
tion of 1.3 kcal mol-1 for the reduced form of the enzyme.
Thus, our results predict that the enzyme-bound flavins of
the Asp120Asn and Glu28Gln mutants will be more easily
reduced, and once reduced, they will be more difficult to
reoxidize compared to the wild-type enzyme.

Asp120Asn Mutation Increases the Rate of Reduction by
NADH. To obtain a clearer picture of catalysis by the
Asp120Asn mutant, the reductive and oxidative half-reactions
constituting the three oxidoreductase reactions (Scheme 1
in ref 1) have been examined in detail. The kinetic rate
constants for the NADH-CH2-H4folate oxidoreductase reac-

tion are diagrammed in Scheme 2. Reduction of Asp120Asn
mutant enzyme by NADH was studied under anaerobic
conditions in a stopped-flow spectrophotometer at pH 7.2
and 25°C. The reaction was monitored at 450, 550, and
650 nm and fit to biphasic exponential curves. As described
for the wild-type enzyme in the previous paper in this issue
(1), a transient charge-transfer absorbance at 550 and 650
nm was observed for the Asp120Asn enzyme during the
course of reduction (data not shown). At NADH concentra-
tions of 10 and 25µM (after mixing), the phase associated
with the rapid increase in absorbance was seen. At higher
NADH concentrations, the fast phase occurred within the
dead time of the apparatus. The slow phase, however, was
clearly apparent and corresponded to the decrease in absor-
bance at 450 nm. Figure 3 shows the 450 nm traces from a
representative experiment. The observed rate constant for
reduction showed a hyperbolic dependence on the concentra-
tion of NADH (inset). A fit of the data to eq 6 yielded an
apparentKd for NADH of 12 ( 2 µM and a maximum
observed rate constant (net rate constantk′2, according to
Scheme 2) of 70( 7 s-1, 1.3-fold higher than that for the
wild-type enzyme (Table 1). In summary, these results are
consistent with more facile reduction of the enzyme-bound
flavin of the mutant, predicted from the measured increase
in the thermodynamic driving force for reduction (Table 1).

Asp120Asn Mutation Significantly Decreases the Rate of
Reaction with Folate.On the basis of our modeling studies
with CH3-H4folate, we proposed that Asp 120 would
participate in folate binding and catalysis. We predicted that
the substitution of an asparagine for Asp 120 would impair
reaction with the folate substrate. In the physiological
oxidoreduction, CH2-H4folate is reduced to CH3-H4folate
concomitant with reoxidation of the reduced enzyme (Scheme
2, above). In a stopped-flow spectrophotometer, we have

Table 1: Midpoint Potential and Rapid-Reaction Kinetic Constantsa,b

Asp120Asn Glu28Gln wild-typec

midpoint potential (mV) -210( 4 -207( 4 -237( 4

reductive half-reaction with NADH
k′2 (s-1) 70 ( 7 0.23( 0.04 55( 6
Kd for NADH (µM) 12 ( 2 73( 7 32( 5

oxidative half-reaction with CH2-H4folate
k′5 (s-1) 0.072( 0.008 no reoxidation 10.3( 1.0
Kd for CH2-H4folate (µM) 21 ( 3 ndd 11 ( 1

reductive half-reaction with CH3-H4folate
k′-5 (s-1) 0.062( 0.007 binding, no reduction 2.5( 0.5
Kd for CH3-H4folate (µM) 22 ( 7 nd nd

a All determinations were at 25°C in 50 mM potassium phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.b Values of rate
constants were the average of two or three experiments. Definition of rate constants are given in Scheme 2.c Ref 1. d Not determined.

Scheme 2: Kinetic Mechanism for the NADH-CH2-H4folate Oxidoreductase Reaction

kobs)
kmax[S]

Kd + [S]
(6)
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examined the reaction of photoreduced Asp120Asn enzyme
with CH2-H4folate at pH 7.2 and 25°C. The reoxidation was
monitored by measuring the increase in flavin absorbance
at 450 nm. Spectra taken after each shot indicated that the
flavin was not fully reoxidized at low concentrations of CH2-
H4folate; full reoxidation was only achieved on adding 200
and 300µM CH2-H4folate (concentrations after mixing). This
difficulty in achieving full reoxidation reflects the fact that
the reaction proceeds to equilibrium rather than to completion
under these conditions. A small, positive free energy change
of +0.09 kcal mol-1 at pH 7.2 corresponding to a-2 mV
difference in midpoint potential can be calculated using the
respective potentials of the mutant enzyme (-210 mV, Table
1) and of the CH2-H4folate/CH3-H4folate redox couple at pH
7.2 (-212 mV) (31). The 450 nm reaction traces (Figure
4A) were fit well to one exponential phase. This is in contrast
to the biphasic reaction traces observed for the wild-type
enzyme (see Figure 4 of ref1), suggesting the absence of a
transient enzyme-folate complex or a change in the rate-
limiting step for the mutant. A fit of the data to eq 6 (Figure
4B) resulted in an apparentKd for CH2-H4folate of 21( 3
µM, only a 2-fold increase over that observed for the wild-
type enzyme. The maximum observed rate constant for
oxidation (net rate constantk′5, according to Scheme 2) was
0.072( 0.008 s-1, 150-fold lower than the rate constant for
the wild-type enzyme. These results indicate that the half-
reaction involving the reduction of CH2-H4folate has been
impaired by the Asp120Asn mutation, but CH2-H4folate
binding to the enzyme has been relatively unaffected.

As is evident from a small, positive free energy change
of +0.09 kcal mol-1 in the physiological direction, reaction
of the Asp120Asn mutant with folate should be reversible.
The reduction of the Asp120Asn enzyme by CH3-H4folate
was investigated in a stopped-flow apparatus (data not
shown). A fit of the data to eq 6 yielded an apparentKd for
CH3-H4folate of 22( 7 µM and a maximum observed rate
constant (net rate constantk′-5) of 0.062( 0.007 s-1, 40-
fold lower than that for the wild-type enzyme (Table 1).
Taken together, our stopped-flow kinetic data indicate that
the Asp120Asn mutation has significantly reduced the ability

of the enzyme to catalyze folate-dependent reactions in either
direction.

Asp120Asn Mutation Significantly Decreases TurnoVer in
the Physiological NADH-CH2-H4folate Oxidoreductase Re-
action.The physiological oxidoreductase reaction occurs by
transfer of reducing equivalents from NADH to the enzyme-
bound FAD and then from the reduced FAD to CH2-H4folate.
From the maximum observed rate constants for the two half-
reactions catalyzed by the Asp120Asn mutant, reduction of
flavin by NADH (70 s-1) and reoxidation of the flavin by
CH2-H4folate (0.072 s-1) (Table 1), an expected value of
0.072 s-1 can be calculated for the steady-state turnover
number of the reaction, assuming a ping-pong Bi-Bi
mechanism (32).

This analysis shows that, for the Asp120Asn enzyme, the
reoxidation of the flavin by CH2-H4folate will be substantially
more rate limiting in overall turnover than the reductive half-
reaction. We predict, therefore, that the diminished rate of
folate-linked reoxidation induced by the Asp120Asn mutation
will also reduce turnover in the physiological oxidoreduction.
To test this prediction, a steady-state analysis of the reaction
was carried out under anaerobic conditions in a stopped-

FIGURE 3: Reduction of Asp120Asn enzyme by NADH. Oxidized
enzyme, 10µM, was mixed with solutions of 10 (O), 25 (b), 50
(0), 100 (9), 200 (4), and 300 (2) µM NADH (concentrations
after mixing). Stopped-flow reaction traces, monitored at 450 nm,
were fit to two exponential phases. (Inset) Dependence of the
observed rate constant for reduction (slow phase) on NADH
concentration. The data were fit to eq 6 which yielded an apparent
Kd of 12 ( 2 µM for NADH and ak′2 of 70 ( 7 s-1.

FIGURE 4: Reoxidation of reduced Asp120Asn enzyme by CH2-
H4folate. (A) Photoreduced enzyme (10µM) was mixed with
solutions of 10 (O), 25 (b), 50 (0), 100 (9), 200 (4), and 300 (2)
µM CH2-H4folate (concentrations after mixing). Stopped-flow
reaction traces were monitored at 450 nm and fit to one exponential
phase. B. Dependence of the observed rate constant on CH2-H4-
folate concentration. The data were fit to a eq 6 which yielded an
apparentKd of 21 ( 3 µM for CH2-H4folate and ak′5 of 0.072(
0.008 s-1.
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flow spectrophotometer. TheKm for NADH was estimated
to be less than 5.0( 1 µM, theKm for CH2-H4folate was 27
( 3 µM, and the maximum turnover number (kcat) was 0.057
( 0.007 s-1, 175-fold lower compared to the wild-type
enzyme (Table 2). This observed turnover number is in
reasonable agreement with the expected value of 0.072(
0.008 s-1 calculated above. As predicted from the stopped-
flow data, the Asp120Asn mutant has significantly reduced
activity in the NADH-CH2-H4folate oxidoreductase assay.

Asp120Asn Mutation Affects TurnoVer in the Steady-State
CH3-H4folate-Menadione and NADH-Menadione Oxidoreduc-
tase Assays.Under aerobic conditions, MTHFR catalyzes
the CH3-H4folate-menadione (eq 8) and NADH-menadione
oxidoreductase (eq 9) reactions (see Scheme 1, parts C and
B, respectively, in ref1):

In these reactions, menadione is used as the electron acceptor
to reoxidize the reduced FAD. The reaction of reduced
Asp120Asn enzyme with menadione at the concentrations
used is very fast; the pseudo first-order rate constant (1400
( 500 s-1) is similar to that of the wild-type enzyme (data
not shown). Thus, in both of these assays, the rate is limited
by the respective reductive half-reactions.

The CH3-H4folate-menadione oxidoreductase assay was
carried out with the Asp120Asn enzyme in the presence of
saturating menadione (140µM). A fit of the data to the
Michaelis-Menten equation yielded aKm for CH3-H4folate
of 106( 10 µM and akcat of 0.087( 0.008 s-1, a decrease
of 36-fold compared to the wild-type enzyme (Table 2).
Again, the rate of the limiting folate-dependent reaction has
been significantly decreased by the Asp120Asn mutation.

When the NADH-menadione oxidoreductase assay was
performed in the presence of saturating menadione, excess
substrate inhibition by NADH was observed for the
Asp120Asn enzyme. Applying 140µM as the concentration
of menadione (B) and 4µM as the Km for menadione
(determined in an earlier experiment, data not shown), the
data were fit to eq 10 for single substrate inhibition (33).

The KmA for NADH (A) was calculated to be 17( 3 µM,
KiA for NADH (A) was 40( 20 µM, and thekcat was 54(
5 s-1 (Table 2). As described in the preceding paper in this
issue (1), the net rate constant for reduction measured in the
stopped-flow apparatus (k′2) is equivalent tokcat measured in
steady-state turnover whenk3 . k2, i.e., when NAD+ product
release is fast compared to flavin reduction (see Scheme 2).
The Asp120Asn mutant is reduced by NADH with an
observed rate constant (k′2) of 70 s-1 (Figure 3, Table 1),
while the observed rate of turnover in the NADH-menadione
oxidoreductase assay is 54 s-1 (Table 2), a 20% lower value.
These data indicate that, in contrast to the wild-type enzyme,
release of NAD+ may be partially rate limiting for the
Asp120Asn mutant.

Glu28Gln Mutation Renders the Enzyme InactiVe in
Reactions with Folate. On the basis of our CH3-H4folate
modeling studies and by analogy to thymidylate synthase,
we proposed that Glu 28, located near N10 of folate (Figure
2), may serve as a general acid catalyst involved in activating
CH2-H4folate. We therefore expected that replacement of Glu
28 with a glutamine would impair both formation of the
crucial 5-iminium cation intermediate and the overall reaction
with folate, so we examined the reoxidation of photoreduced
Glu28Gln enzyme by CH2-H4folate in a stopped-flow spec-
trophotometer. At concentrations of CH2-H4folate up to 300
µM (after mixing), no increase in flavin absorbance at 450
nm was observed (data not shown). The mutant enzyme was
unable to use CH2-H4folate as a substrate and become
reoxidized. In a similar manner, the Glu28Gln enzyme was
inactive in the NADH-CH2-H4folate oxidoreductase assay,
where reducing equivalents must be transferred from NADH
to CH2-H4folate (Table 2). To examine folate catalysis in
reverse of the physiological direction, the steady-state CH3-
H4folate-menadione oxidoreductase assay was performed in
the presence of saturating menadione. The mutant had no
detectable turnover (kcat < 0.002 s-1) (Table 2).

Although the Glu28Gln enzyme is not reducible by CH3-
H4folate, evidence for substrate binding has been obtained
by titration. Addition of one equiv of CH3-H4folate to
oxidized Glu28Gln enzyme under anaerobic conditions led
to a shift in the absorbance spectrum of the enzyme-bound
FAD, suggesting the formation of an Eox-CH3-H4folate
complex (Figure 5A). For comparison, Figure 5B shows
reduction of the wild-type enzyme on addition of CH3-H4-
folate. Taken together, our data demonstrate that the Glu28Gln
mutation has substantially reduced the ability of the enzyme

Table 2: Steady-State Kinetic Constantsa,b

Asp120Asn Glu28Gln wild-typec

NADH-CH2-H4folate oxidoreductase assay
kcat (s-1) 0.057( 0.007 <0.0002 10.4( 1
Km for NADH (µM) <5.0 ndd 20 ( 4
Km for CH2-H4folate (µM) 27 ( 3 nd 0.5( 0.1

CH3-H4folate-menadione oxidoreductase assay
kcat (s-1) 0.087( 0.008 <0.002 3.2( 0.4
Km for CH3-H4folate (µM) 106 ( 10 nd 85( 9

NADH-mendione oxidoreductase assay
kcat (s-1) 54 ( 5 0.20( 0.02 55( 8.3
Km for NADH (µM) 17 ( 3 80( 6 66( 16
Ki for NADH (µM) 40 ( 20 nd 12( 5

a Kinetic constants were determined at 25°C in 50 mM potassium phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.
b Values of constants were the average of two to four experiments.c Ref 1. d Not determined.

CH3-H4folate+ menadionef
CH2-H4folate+ menadiol (8)

NADH + menadionef NAD+ + menadiol (9)
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to catalyze folate-dependent reactions in either direction.
These results are consistent with a role for Glu 28 in
5-iminium cation formation, perhaps as a general acid
catalyst. Note that the 30 mV increase in midpoint potential
observed for the Glu28Gln mutant (Table 1) predicts that
the mutant would be more easily reduced than the wild-type
enzyme by CH3-H4folate. This clearly is not true, suggesting
that there is a kinetic/mechanistic impairment of the mutant
rather than a redox problem.

Glu28Gln Mutation Also Impairs Reaction with NADH.
In a stopped-flow spectrophotometer, the reduction of the
Glu28Gln mutant by NADH was monitored at 450 and 650
nm. No change in absorbance was observed at 650 nm,
indicating the lack of a flavin-pyridine nucleotide charge-
transfer complex. The reaction traces at 450 nm were fit to
monophasic exponential curves (Figure 6). The inset shows
a plot of the observed rate constants vs the concentration of
NADH. The data yielded an apparentKd for NADH of 73
( 7 µM, an increase of 2.3-fold compared to the wild-type
enzyme. The maximum observed rate constant (net rate
constantk′2) was 0.23( 0.04 s-1, 240-fold lower than that
for the wild-type enzyme (Table 1). Similar results were seen
under steady-state conditions in the NADH-menadione
oxidoreductase assay, where turnover is limited by NADH
reduction. Thekcat was determined to be 0.20( 0.02 s-1

and theKm for NADH was 80( 6 µM, 1.2-fold greater than
for the wild-type enzyme (Table 2). Taken together, these
results indicate that reduction of the enzyme by NADH has

been significantly impaired by the Glu28Gln mutation, but
NADH binding has been only minimally affected.

DISCUSSION

Asp 120 Influences FlaVin ReactiVity. Flavin oxidoreduc-
tases vary in structural motif, substrate specificity, and
reaction catalyzed. However, in nearly all the structures
examined, a positively charged protein moiety is within 3.5
Å of the N1-C2dO position of the flavin (8). The “N1-
C2dO protein moiety” can be a fully charged lysine or
arginine residue or a partially charged histidine or the positive
end of anR helix dipole. There are two possible functional
roles for the positive charge at this location (34). First, any
interaction with the protein that lowers the negative charge
density near the flavin cofactor is expected to raise the
midpoint potential, making the flavin easier to reduce.
Second, upon reduction of the flavin, a positive charge from
the protein at the N1-CdO position would likely stabilize
preferentially the anionic flavin hydroquinone rather than the
neutral hydroquinone (see Figure 1). Studies with anionic
flavin analogues have generally supported this view (35).
Moreover,15N NMR experiments have shown definitively
that in the reduced state, the flavin is bound as the anionic
hydroquinone in glucose oxidase (36) andp-hydroxybenzoate
hydroxylase (37), enzymes that contain a histidine and a
positive helix dipole as the N1-C2dO protein moiety,
respectively.

In MTHFR, Asp120 is positioned with one of its oxygens
in van der Waals contact (<3.8 Å) with N1-C2dO of the
flavin. The presence of a potentially negatively charged
residue at this position near the FAD distinguishes MTHFR
from all other known flavin oxidoreductases. The protonation
state of Asp 120 within MTHFR is not known. However, if
the pKa of the side chain is similar to that in solution (pKa

≈ 4), the Asp 120 would be ionized as the carboxylate. In
the present work, we have replaced Asp 120 with a neutral
asparagine residue in order to investigate the influence of
charge on the redox properties of the enzyme-bound FAD.
As expected for a loss of negative charge near the flavin,
the midpoint potential of the Asp120Asn mutant (-210 mV,

FIGURE 5: Titration of enzyme with CH3-H4folate. Oxidized
enzyme, 15µM (18 nmol), was titrated with aliquots of 3.3 mM
6S-CH3-H4folate under anaerobic conditions. Spectra correspond
to addition of 0 (O), 0.5 (b), 1.0 (0), and 5.0 (9) equiv of 6S-
CH3-H4folate, respectively. (A) Binding of CH3-H4folate to the
Glu28Gln enzyme is represented by the observed shift. No reduction
of the FAD was observed. (B) Reduction of wild-type enzyme by
CH3-H4folate.

FIGURE 6: Reduction of Glu28Gln enzyme by NADH. Oxidized
enzyme, 10µM, was mixed with solutions of 10 (O), 25 (b), 50
(0), 100 (9), 200 (4), and 300 (2) µM NADH (concentrations
after mixing). Stopped-flow reaction traces, monitored at 450 nm,
were monophasic. (Inset) Dependence of the observed rate constant
for reduction on NADH concentration. The data were fit to a eq 6
which yielded an apparentKd of 73 ( 7 µM for NADH and ak′2
of 0.23 ( 0.04 s-1.
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Table 1) is higher than that of the wild-type enzyme. The
27 mV increase in potential is very similar in magnitude to
the 31 mV decrease observed for a methionine substitution
of a lysine (Lys 266) located next to the N1-C2dO flavin
position in lactate monooxygenase (38). We propose that the
N1-C2dO protein moiety of a flavin enzyme can modulate
the redox properties of the flavin by directly influencing the
protonation state of the reduced flavin hydroquinone. In the
case ofE. coli MTHFR, the presence of a negatively charged
aspartate at the N1-C2dO position suggests that the reduced
FAD will be bound as the neutral hydroquinone rather than
the anion (see Figure 1) so as to avoid unfavorable electro-
static repulsion at the N1-C2dO locus. Mutation of Asp
120 to an asparagine, however, would be expected to lower
the pK value of the FAD hydroquinone as compared to the
wild-type enzyme. In future work, pH-dependent studies of
the midpoint potential will be performed, as described in
ref 39, to determine directly the proton stoichiometry of
reduction for the wild-type and Asp120Asn enzymes.

Asp 120 Participates in Catalysis of the Folate Half-
Reaction, Perhaps by Stabilizing the 5-Iminium Cation.On
the basis of the modeling of CH3-H4folate into the MTHFR
active site (Figure 2), we proposed roles for Asp 120 in
binding of CH2-H4folate and in stabilization of the 5-iminium
cation during catalysis. Although the model suggests biden-
tate hydrogen bonding between the carboxylate oxygens of
Asp 120 and the N3 and 2-amino groups of the folate
substrate, we have found that the apparentKd for CH2-H4-
folate is increased only 2-fold by the Asp120Asn mutation
(Figure 4, Table 1). The amide substitution in Asn 120 would
have been expected to disrupt one of the hydrogen bonds.
Structures of folate complexes of the wild-type and mutant
enzymes may offer explanations for the failure of the
Asp120Asn mutation to perturb the binding constant.

Our results demonstrate that, while the Asp120Asn muta-
tion has a small effect on binding of CH2-H4folate, it has
significantly decreased the ability of the enzyme to catalyze
folate-dependent reactions in either direction (Tables 1 and
2). These data are consistent with a role for Asp 120 in the
formation and/or stabilization of the high-energy folate
intermediate, the 5-iminium cation, during catalysis. Al-
though the existence of a 5-iminum cation has not been
demonstrated directly in MTHFR, the intermediate is a
reasonable first step in activation of the CH2-H4folate for
hydride transfer from the reduced flavin (See Scheme 1). A
three-step catalytic process can be envisioned to promote
ring opening of CH2-H4folate and generation of the 5-imi-
nium cation in MTHFR: first, the enforcing of the proper
orientation of the five-membered imidazolidine ring of CH2-
H4folate (10, 40), perhaps concomitant with substrate bind-
ing; second, protonation of N10 by an acid catalyst to
increase its leaving group ability (10); and third, electrostatic
stabilization of the resulting high energy cationic intermedi-
ate. Our results with the Asp120Asn mutant MTHFR suggest
that it is able to bind CH2-H4folate in its ring-closed form,
but then is impaired in the conversion to the 5-iminium cation
by one of the above steps. Structural studies of the analogous
mutation (Asp169Asn) inE. coli thymidylate synthase lend
support to a role for orientation in CH2-H4folate catalysis.
Asp 169 hydrogen bonds to N3 and, via a water molecule,
to the 2-amino group of CH2-H4folate (10). The Asp169Asn
mutant enzyme catalyzes dTMP product formation 8000-

fold slower than the wild-type enzyme; it is significantly
impaired in CH2-H4folate binding and in formation of the
covalent ternary complex of enzyme, CH2-H4folate, and 2′-
deoxyuridine 5′-monophosphate (dUMP) (40, 41). The
crystal structure of the inhibitory, ternary complex of
Asp169Asn enzyme, CH2-H4folate, and FdUMP (5-fluoro-
dUMP) shows CH2-H4folate bound at an alternate, nonpro-
ductive site on the enzyme with its imidazolidine ring closed
(40); for comparison, the structure of the analogous wild-
type enzyme complex reveals a stable structural analogue
of the covalent ternary intermediate productively bound at
the active site (10). These structures suggest that in the
Asp169Asn mutant, nonproductive binding of CH2-H4folate
has prevented imidazolidine ring opening. In contrast, the
structure of a ring-opened folate analogue in a ternary
complex with Asp169Asn mutant enzyme and dUMP shows
the folate bound in the productive orientation for catalysis
(40), essentially identical to its position in the corresponding
wild-type enzyme complex (10). Taken together, the avail-
able data suggest that the Asp169Asn mutation interferes
with ring opening and 5-iminium cation formation in
thymidylate synthase. Future structural studies of wild-type
and Asp120Asn MTHFR enzymes in complex with both
ring-closed and ring-opened folate analogues may help to
ascertain whether the proper orientation of the imidazolidine
ring plays an important role in MTHFR catalysis. The
monophasic kinetics observed for oxidation of reduced
mutant enzyme by CH2-H4folate (Figure 4) stands in contrast
to the biphasic pattern observed for the wild-type enzyme
(Figure 4 in ref1). Until we understand the origin of the
biphasic kinetics observed for the wild-type enzyme (see
preceding paper in this issue for discussion) we will not be
able to interpret the factors leading to the observed differ-
ences between mutant and wild-type enzyme.

Our data are consistent with a role for Asp 120 of MTHFR
in electrostatic stabilization of the 5-iminium cation, once it
is formed. The ionization state of the Asp 120 carboxylate
side chain within MTHFR is not known. However, the
observed increase in midpoint potential for the Asp120Asn
mutation (Table 1) suggests that a negative charge near the
flavin has been lost. If the pKa of the Asp 120 carboxylate
side chain is close to that in solution (pKa ≈ 4), Asp 120
would be negatively charged and able to stabilize a develop-
ing positive charge on the 5-iminium cation intermediate.
From our CH3-H4folate docking model (Figure 2), the
distance between the Asp 120 side chain and N5 of the
5-iminium folate cation is estimated to be∼6.3 Å consistent
with favorable electrostatic interactions. Simple coulombic
interaction energies will be modulated by solvent shielding
and the partial charges of intervening groups, but electrostatic
effects could still be significant at this distance. Such
relatively long-range electrostatic interactions have been
proposed (Asp 27) inE. coli dihydrofolate reductase. Asp
27, the only ionizable group near the H2folate substrate, is
positioned 5 Å from the N5 atom and hydrogen bonds to
N3 and 2-amino group of the pterin ring (14). The Asp27Asn
mutant enzyme has a 300-fold lower catalytic activity
compared to the wild-type enzyme and is deficient in the
N5 protonation step needed to promote hydride transfer (43).
Recent data suggest that the side chain of Asp 27 has a pKa

below 4 and is ionized at the active site of the enzyme (44).
Raman difference spectroscopy has further shown that the
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pKa of the enzyme-bound N5 atom of folate is 6.5 compared
with 2.6 in solution (45). Taken together, these data suggest
that during catalysis, Asp 27 remains ionized and facilitates
protonation of N5 by raising its pKa via long-range electro-
static interactions, perhaps involving bound water molecules.
We propose that an electrostatic effect similar to that in
dihydrofolate reductase may allow a negatively charged Asp
120 in MTHFR to stabilize the putative 5-iminium cation
intermediate.

Glu 28 Has an Essential Role in Folate ActiVation and/
or Catalysis.We have proposed that Glu 28 of MTHFR,
located near N10 of the folate (Figure 2), may serve as a
general acid catalyst involved in opening of the imidazolidine
ring and generation of the 5-iminium cation required for
catalysis. Our results show that the Glu28Gln mutant enzyme
is defective in folate-dependent catalysis; it is unable to
catalyze the reduction of CH2-H4folate to CH3-H4folate or
the reverse of this reaction and is inactive in the physiological
NADH-CH2-H4folate oxidoreductase reaction (Tables 1 and
2). For comparison, the Glu60Gln mutant ofE. coli thymidy-
late synthase shows a 370-fold decrease in overall dTMP
product formation (20) and the Glu28Gln (46), Glu60Ala,
and Glu60Leu (47) mutants are greatly slowed in the
formation of the covalent ternary complex between enzyme,
CH2-H4folate, and dUMP. Although these data suggest that
Glu 60 may assist in imidazolidine ring opening, the isolation
by SDS/PAGE of the covalent intermediates of the Glu60Ala
and Glu60Leu mutants indicates that Glu 60 it is not essential
for complex formation (47). Interestingly, structural analysis
of the Glu60Gln mutant enzyme provides evidence that Glu
60, in its ionized form, coordinates a water-mediated
hydrogen bond network that promotes proton-transfer reac-
tions at the folate and dUMP substrates (48). In MTHFR,
the ionization state of Glu 28 is not known; direct protonation
of N10 by Glu 28, acting as a general acid catalyst, would
require an elevated pKa for the carboxylic acid side chain.
The observed increase in midpoint potential for the Glu28Gln
mutation (Table 1); however, indicates a loss of a negative
charge near the flavin and suggests that Glu 28 exists as the
carboxylate anion, at least in the substrate-free state of the
enzyme. Experiments examining the pH dependence of the
folate-dependent oxidative half-reaction may be informative
here. We hypothesize that, similar to Glu 60 of thymidylate
synthase, Glu 28 of MTHFR may coordinate a hydrogen-
bonding network of water molecules, which in communica-
tion with the solvent, may serve as the ultimate proton donor
to the N10 atom of CH2-H4folate. In addition, Glu 28, in its
ionized form, may play an important role in the electrostatic
stabilization of the resulting 5-iminium cation, as we have
suggested for Asp 120.

Glu 28 Also Participates in NADH Catalysis.Our results
demonstrate that, in addition to a critical role in folate
catalysis, Glu 28 is significantly involved in oxidation of
the NADH substrate (Figure 6, and Tables 1 and 2). The
reductive half-reaction occurs by transfer of the 4S-hydrogen
of NADH as a hydride to the N5 position of the FAD (4).
Because the transition state for hydride transfer is sensitive
to the relative orientations of the NADH and FAD (49), the
binding of NADH in a different orientation to the Glu28Gln
enzyme could presumably hinder catalysis. Flavin-pyridine
nucleotide charge-transfer complexes are believed to be
indicators of the proper orientation for hydride transfer (49).

A charge-transfer complex, probably between oxidized
enzyme and NADH, is observed for wild-type MTHFR
(Figure 2B in ref1), but not for the Glu28Gln enzyme. This
suggests that NADH may not be bound in the optimal
orientation for hydride transfer in the mutant enzyme,
accounting for its significantly decreased activity. It is
interesting to note that although the relative orientation
between NADH and Glu 28 has a major influence on
catalysis, its effect on theKd for NADH is minimal (Figure
6, Tables 1, 2).

In summary, modeling of CH3-H4folate into the structure
of E. coli MTHFR (Figure 2) implicated two conserved
amino acid residues, Asp 120 and Glu 28, as potential
catalysts of the reaction with folate. In this paper, we have
characterized the properties of the Asp120Asn and Glu28Gln
mutant enzymes and our results support involvement of these
residues in folate activation and/or catalysis. We have drawn
useful parallels between the mechanisms ofE. coli MTHFR
and the structurally unrelated enzyme, thymidylate synthase.
Both MTHFR and thymidylate synthase presumably catalyze
activation of CH2-H4folate to the more reactive 5-iminium
cation and both contain a glutamate and an aspartate residue
in proximity to the folate at their active site. In MTHFR,
the unusual aspartate residue above the N1-C2dO position
of the flavin may be a requirement for activation of the folate
substrate.
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