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ABSTRACT. The flavoproteinEscherichia colimethylenetetrahydrofolate reductase (MTHFR) catalyzes
the reduction of 5,10-methylenetetrahydrofolate §&EHfolate) to 5-methyltetrahydrofolate (GHH folate).

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 GZ=O 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 GHHifolate 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-
CHy-Hsfolate oxidoreductase reaction and in the oxidative half-reaction involvingtTFblate, but the
appareni, for CH,-Hfolate 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 CHHfolate 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 Glu28GIn mutant was unable
to catalyze the reduction of GHHfolate and was inactive in the physiological oxidoreductase reaction.
The mutant enzyme was able to bind £Hufolate, 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 (MTHFRAtalyzes MTHFR catalyzes the individual half-reactions constituting
the reduction of 5,10-methylenetetrahydrofolate §&H- this reaction (shown in egs 2 and 3) at rates consistent with
folate) to 5-methyltetrahydrofolate (GHHfolate) using the observed rate of overall turnover.
flavin adenine dinucleotide (FAD) as coenzyme, as shown
in eq 1. E-FAD,, + NAD(P)H — E-FAD,4 + NAD(P)" (2)

CH,-H,folate + NAD(P)H + H" — E-FAD,¢q + CH,-H,folate—
CH,-H folate+ NAD(P)" (1) E-FAD, + CHg-H,folate (3)

. . L . i ) . The enzyme employs a ping-pong-88i mechanism in
Rapid-reaction kinetic studies described in the preceding \ynich NAD(P)" release precedes the binding of SHu-
paper in this issuelj have established th&scherichia coli  fg|ate. Similar results have been reported for the porcine

enzyme 2, 3).
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1 Abbreviations: bp, base pair; GHH4folate, 5,10-methylenetet-  €nzyme. In the oxidative half-reaction (Scheme 1),€Ei7
rahydrofolate; ChHafolate, 5-methyltetrahydrofolate; EDTA, ethyl-  folate also binds at thsi face of the reduced FADS5],

enediaminetetraacetic acid;, midpoint potential; FAD, flavin adenine ; ; Sy ; ; :
dinucleotide; MTHFR, methylenetetrahydrofolate reductgseBA, consistent with the ping-pong BBi mechanism. Protonation
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Scheme 1: Proposed Mechanism for Oxidative Half-Reaction
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a 5-iminium cation. Transfer of a hydride from N5 of the MTHFR (6). The modeling started with 5-formyltetrahydro-
reduced FAD to the exocyclic methylene group (C11) yields folate (folinic acid), obtained from the structure of a complex
the product ChH,folate (). with E. coli dihydrofolate reductase (PDB filename 1JOL)
The roles of specific amino acid residues in the enzymatic (13). We retained the pterin ring conformation observed in
mechanism of MTHFR are currently unknown. The X-ray that study, removed the oxygen of the formyl group, and
structure oft. coliMTHFR has been determine@)( and it repositioned thg-aminobenzoatepABA) ring by rotation
has identified several conserved residues near the flavin tha@bout the C6C9, C9-N10, and N16-pABA bonds. In our
may participate in substrate binding and/or catalysis. In model, the pterin ring is stacked against #idace of the
contrast to all other known flavin oxidoreductases, MTHFR FAD and the C11 methyl group is positioned for transfer of
was found to have a completely conserved acidic residuea hydride to N5 of the FAD. Two invariant active site
(Asp 120) near the NAC2=0 position of the flavin. Abasic  residues, Asp 120 and GIn 183, can form hydrogen bonds
residue or a positive helix dipole resides at this location in with pterin atoms, and the invariant Glu 28 is near N10.
the other flavin oxidoreductases, where the positive charge The position of Asp 120 within hydrogen bonding distance
aids in stabilization of the anionic form of the reduced flavin of the folate pyrimidine ring suggests two possible roles for
hydroquinone (Figure 1, structure Bj,8). The K, of Asp this residue in folate binding and catalysis. First, hydrogen
120 in MTHFR is not known; however, we presume that in bonding between the carboxylate of Asp 120 and the N3
the reduced state of the enzyme, electrostatic repulsionand/or 2-amino groups of the pyrimidine ring (Figure 2) may
between a negatively charged aspartate residue and aracilitate binding of CH-Hsfolate. Structural studies d&.
anionic hydroquinone would favor formation of the neutral coli thymidylate synthase have revealed that a completely
flavin hydroquinone (Figure 1, structure C). To test the conserved aspartate residue (Asp 169) also hydrogen bonds
influence of Asp 120 on the redox properties of the enzyme- to N3 and, via a water molecule, to the 2-amino group of
bound FAD, we have substituted the neutral asparagine for CH,-Hzfolate (L0, 14). Moreover, hydrogen-bonding interac-

Asp 120 inE. coli MTHFR. tions between an aspartate and the pterin ring have been
The least understood features of the MTHFR enzyme observed in the X-ray structures of the folate-dependent
reaction are those involving the folate substrate.,-Elt enzymes dihydrofolate reductasks), dihydropteroate syn-

folate is an aminal, the nitrogen analogue of an acetal, andthase {6, 17), and methylenetetrahydrofolate dehydrogenase/
the mechanism by which it undergoes reduction by reduced cyclohydrolaseX8), suggesting common involvement of an
flavin is of interest. It has been proposed that the first step aspartate in folate binding and/or catalysis.

is an acid-catalyzed opening of the folate ring to form the  We propose that a second role for Asp 120 in MTHFR is
more reactive 5-iminium cation (Scheme 1). Studies of the to promote formation and/or stabilization of the putative

nonenzymatic condensation of formaldehyde wittiotate 5-iminium cation folate intermediate. A negatively charged
to form CH-Hgfolate provide evidence that a 5-iminium aspartate may provide favorable electrostatic interactions with
cation is an intermediate in that reactio®).(Moreover, the short-lived iminium cation species. An asparagine at

parallels can be drawn between the folate binding and position 120 of E. coli MTHFR would alter both the
activation mechanisms of MTHFR and the structurally hydrogen bonding interactions with the pterin ring and the
unrelated enzyme thymidylate syntha&é)( which utilizes electrostatics of the active site. To test the influence of Asp
CHy-Hyfolate in the reductive methylation of dUMP to 120 on folate binding and catalysis, we prepared the
dTMP. In the thymidylate synthase reaction, £iHifolate, Aspl20Asn mutant enzyme.
activated by conversion to the 5-iminium cation, undergoes In the oxidative half-reaction of MTHFR, protonation of
nucleophilic attack by C5 of dUMP to form a ternary N10 by a general acid catalyst on the enzyme would enhance
covalent intermediate complex. Breakdown of this covalent its leaving-group ability and, thereby, facilitate opening of
complex followed by hydride transfer then yields the the imidazolidine ring to generate the 5-iminium cation.
products dTMP and Holate (L1). Structural evidence for  Structural data have revealed a conserved glutamate (Glu
formation of the 5-iminum folate cation has been obtained 60) at the active site oE. coli thymidylate synthasel(,
in thymidylate synthase; a 5-OHGHH.folate species, the  19). It has been proposed that this glutamate, via a network
product of the reaction of a 5-iminium cation with water, of water molecules, may be a general acid catalyst involved
was directly observed by X-ray crystallograpH2). in protonating N10, the initial step in GHH,folate activation
Figure 2 shows a model of the Giisfolate product (20, 20). In our model of CH-H4folate bound in the active
positioned in the proposed folate binding site ©f coli site of E. coliMTHFR (Figure 2), Glu 28 is positioned near
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EXPERIMENTAL PROCEDURES

0

I:[ Materials. Robert Blumenthal provided the pGP1-2 plas-
QV mid (21). Anthraquinone 1-sulfonate was a gift from Vincent
,N N Massey. Restriction enzymes were purchased from New
’: j;'/ England Biolabs. All DNA primers were synthesized at the

- University of Michigan DNA Synthesis Core Facility. All

\ . other materials were as describdd. (

' ,'. o Methods All experiments were performed at 26 in 50

D: ' mM potassium phosphate (pH 7.2) containing 0.3 mM EDTA

and 10% glycerol (protein buffer). UWvis absorption

spectra were recorded with a Shimadzu UV2501PC double-
FIGURE 1 Pos_sible structures of o>_<|d|_zed and re(;iuced flavin. (A) beam spectrophotometer or a Hewlett-Packard 8453 diode
Oxidized flavin. (B) Reduced anionic hydroquinone; negative array spectrophotometer. Rapid-reaction studies were carried

charge resides at the NC2=0 position. (C) Reduced neutral . - A
hydroquinone; N1 is protonated. R refers to ribityl phosphate (FMN) out with a Hi-Tech Scientific SF-61 stopped-flow spectro-

or to ribityl phosphate adenylate (FAD). Th& ffor ionization of photometer. Samples for all stopped-flow experiments con-
the neutral hydroquinone in solution is 650. tained 20QuM protocatechuate (PCA) and0.1 units mL?t

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

Construction of Asp120Asn and Glu28GIn Mutant Plas-
mids The starting point for the construction of the Asp120Asn
and Glu28GIn mutant plasmids was the pCAS-30 plasmid,
a derivative of pET-23b (Novagen, Milwaukee, WI), which
contains thee. coliMTHFR coding sequence juxtaposed to
a C-terminal histidine tag under control of the T7 RNA
polymerase promoteR8). The mutant plasmids were made
by using a PCR-based primer overlap extension method
previously described2@, 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*'{GBTTCCCGGC-
GGCAGGTTGCCACGCAGCGCG-pand DN3 (5-GGC-
GCTGCGTGGCAACCTGCCGCCGGGAAGB while the

Glu28GIn mutation was created using primers EQ2* (5
‘/Glu 28

A

Gin 183

CGCGGCGGGAAAAATTGGAACGAAACGTTA-3) and
. EQ3 (B-TAACGTTTCGTTCCAATTTTTCCCGCCGCG-
7. e 3). For both mutations, Primers P1'{&accacaacggtttccct-
tctagagtcg-3 and P4* (5GCTTAAAATCTTCACCATATC-
FIG.URE 2: Model of CH;-H4foIate bound in the active site d&. CATGGCAAT-g) were used to Synthesize the outside
coli methylenetetrahydrofolate reductase. ThesElfolate product flanking regions containing th&ba and Ncd restriction

was generated from 5-formyltetrahydrofolate (folinic aciti)(by . . .
removal of the oxygen of the formyl group and repositioning of €NZyme sites. The asterisks denote sequences corresponding

the pABA ring by rotation of the C6-C9, C9-N10, and N16- to the coding strand of th. coli MTHFR gene. Sequences
PABA bonds. Conserved residues, aspartate 120, glutamate 28, andcontained within the coding region of the gene are shown in
glutamine 183, of MTHFR are shown. uppercase, while those from noncoding regions are in
lowercase; underlined sequences indicate changes made to
N10 and the C11 methyl group is close to the N5 of the introduce the Aspl20Asn or Glu28GIn mutations. The
FAD, situated for hydride transfer. We propose that Glu 28 Asp120Asn mutation generatedapM restriction site; the
in MTHFR may serve directly or via water as a general acid Glu28GIn mutation generatedlap509 site. The Asp120Asn
catalyst for protonation of N10. To explore the role of Glu and Glu28GIn mutant plasmids were constructed by the same
28 in folate activation and catalysis, we have replaced Glu procedure. For each mutation, plasmid pCAS-38) (vas
28 with glutamine. used as the template for the first round of PCR reactions,
In this paper, we characterize the MTHFR mutant enzymes whereas the second round of PCR reactions used the
Aspl20Asn and Glu28GIn. We have determined kinetic amplified products from the first round as template. The
parameters for the mutants in each of the three oxidoreduc-resultant PCR product was digested wikba and Ncd
tase reactions catalyzed by MTHFR and in the individual enzymes to generate an 806 bp fragment. This fragment was
half-reactions constituting these reactions by steady-state andhen ligated into a 3664 bjba —Ncd fragment of pCAS-
stopped-flow kinetic methods. In support of our model for 30 to generate a 4470 bp expression plasmid. The plasmid
folate binding, we find that both mutations have profound containing the Asp120Asn mutation was designated pEET1.8,
effects on the reaction with folate. Our results underscore while that containing the Glu28GIn mutation was designated
the important roles of aspartate and glutamate residues inpEET3.10. The sequences of the mutant plasmids were
folate activation and catalysis. confirmed by restriction enzyme analyses and by DNA
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sequencing at the University of Michigan Sequencing Core
Facility.

Expression and Purification of Asp120Asn and Glu28GIn
Mutants. To eliminate wild-type contamination of the
Aspl120Asn and Glu28GIn mutants, it was desirable to
express the mutant plasmidskn coli strain AB1909 (etF
arg lac) (25). Strain AB1909 contains an uncharacterized
mutation in the MTHFR ifetH gene, which leads to
inactivity of the enzyme and methionine auxotroplp)(
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 thép. promoter that is
repressed by a temperature-sensitive repress8b¥); in
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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 coefficientsd) at 379 nm were (E, enzyme; D,
Dye; all units in M~ cm™1) Doy, 438; Deq, 5844; By, 11083;

Eres, 5233. At 447 nm, the extinction coefficients were (all
units in M~ cm™) Doy, 130; Deg 3202; Ex, 14100; Eeq,
1543. The application of Beer’s law (path lengthl cm)
yielded eq 4.

Abs = 6onCon + 6EredCEred + EDDXCDOX + EDredCDred (4)

Employing 20 and 4Q«M as the total concentrations of
enzyme and dye, respectively, and rearranging, Eq 5

addition, it contains the gene encoding resistance to kana-

mycin. Thus, at 30C, thecl857 repressor inhibits transcrip-

tion of T7 RNA polymerase; at 42C, the repressor is

inactivated, allowing expression of the polymerase.
Transformation ofE. coli AB1909/pGP1-2 with the

Abs - CEDX(GEOX_ GETEK) + CDDX(GDOX - EDred) +
e (20x 10°°M) + ¢, (40x 10°°M) (5)

Asp120Asn mutant plasmid (pEET1.8) generated the strainWas applied to data collected at wavelengths 379 and 447

EET-10, whereas transformation with the Glu28GIn plasmid
(PEET3.10) generated strain EET-12. For production of the
mutant MTHFRs 1 L of LB medium containing 6@g/mL
ampicillin, 60ug/mL kanamycin, and 1M riboflavin was
inoculated to an OBy, of ~0.05 with strain EET-10 or EET-
12. The cells were allowed to grow at 3G for ~3 h until
they reached an Qfgy of 1.0. Protein expression was induced
by placing the cultures in a 42C water bath for 30 min.
After heat induction, the cells were grown at 3Z until
they reached stationary phase (§of ~5), after about 4

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 Minnezs}. (
Titration of Enzyme with CHH,folate. Titrations were
performed using anaerobic cuvettes equipped with capillary
fittings for gastight Hamilton syringes29). A 1.2 mL

h, and then they were harvested. The cell pellets were frozenSolution of 1M enzyme was placed in an anaerobic cuvette

in liquid N, and stored at-80 °C prior to protein purification.
The histidine-tagged Asp120Asn and Glu28GIn mutant
proteins were purified by the procedure describ&dwith

the following modification. To improve the vyield, 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 rinol L of

cell culture. High levels of expression of the histidine-tagged
mutant proteins and growth in LB medium containing

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 §CHs-Hifolate. After

each addition of (8)-CHs-Hfolate (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 Glu28GliThe E. coli AB1909
strain containing a mutation in the wild-type MTHFR gene

methionine, which strongly represses expression from the (25) was used to produce the Aspl120Asn and Glu28Gin

wild-type metF promoter, ensure that significant oligomer-
ization of mutant and wild-type protein does not occur.
Midpoint Potential Determinationlhe midpoint potentials

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-

for the Asp120Asn and Glu28GIn enzymes were determinedtype enzyme, with a maximum at 447 nm for the enzyme-

as described for the wild-type enzymg),(but with the
following modifications. Anthragquinone 1-sulfonate was used
as the redox dye at a concentration of //d. The E,, for
the anthraquinone 1-sulfonate redox couple-&18 mV at
pH 7.0 £6), and at pH 7.2E, is calculated to be-230 mV

bound FAD. The maximal absorbance of the Glu28GIn
enzyme was shifted slightly to 448.5 nm. The molar
extinction coefficients of the two mutants were determined
to be 14 300 M cm™, the same as that reported for the
wild-type enzyme 23). FAD is nonfluorescent when bound

(27). Because of significant overlap between the absorbanceto wild-type MTHFR @) or to either of the two mutant

spectra of oxidized/reduced dye and oxidized/reduced en-enzymes. The similar spectral properties of the mutant and
zyme, a single wavelength could not be used to follow the wild-type enzymes suggest that the protein structure has not
reduction of dye or enzyme. Instead, for each spectrum, thebeen perturbed significantly by either mutation. Preliminary
contributions of the absorbing species (oxidized/reduced dye,X-ray structural data on the Glu28GIn mutant support this

oxidized/reduced enzyme) at two wavelengths, 379 g (
for reduced dye) and 447 nmiy(ax for oxidized enzyme),
were calculated by the following method. The extinction

view (Guenther, B. D., Garrett, E. G., and Ludwig, M. L.
unpublished results).
Enzyme Midpoint Potential Is Raised by Mutations

coefficients of each absorbing species at the 379 and 447Asp120Asn or Glu28GInln flavoproteins, the midpoint



6220 Biochemistry, Vol. 40, No. 21, 2001 Trimmer et al.

Table 1: Midpoint Potential and Rapid-Reaction Kinetic Consténts

Aspl120Asn Glu28GIn wild-type

midpoint potential (mV) —210+ 4 —207+ 4 —237+ 4
reductive half-reaction with NADH

K, (sh) 70+7 0.23+ 0.04 55+ 6

Kq for NADH (uM) 12+2 73+ 7 32+5
oxidative half-reaction with CHH,folate

ks (sh) 0.072+ 0.008 no reoxidation 10& 1.0

Kq for CHp-H4folate M) 21+3 nd’ 11+1
reductive half-reaction with CHH,folate

K.g(s 0.062+ 0.007 binding, no reduction 2505

Kq for CHs-Hafolate (M) 22+7 nd nd

2 All determinations were at 25C in 50 mM potassium phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glyéafalues of rate
constants were the average of two or three experiments. Definition of rate constants are given in S¢tirefié.2. Not determined.

Scheme 2: Kinetic Mechanism for the NADH-GHH sfolate Oxidoreductase Reaction

k1 k2 k3
Eox ¥ NADH === E_,*NADH == E4°*NAD* =—E;q + NAD"
K1 k2 ks

k k Ke
Ered + CH2-H4foIate_‘L Ereq ¢ CHo-Hsfolate _—5__—_ E,x* CHa-Hyfolate === E,+ CHz-H folate
k_4 k-5 -6

potential €n) of the bound flavin can be significantly tion are diagrammed in Scheme 2. Reduction of Asp120Asn
influenced by the protein environment surrounding the flavin. mutant enzyme by NADH was studied under anaerobic
A redox dye method30) described in refl. was employed conditions in a stopped-flow spectrophotometer at pH 7.2
to determine the two-electron midpoint potentials of the and 25°C. The reaction was monitored at 450, 550, and
Aspl120Asn and Glu28GIn mutant enzymes at pH 7.2 and 650 nm and fit to biphasic exponential curves. As described
25 °C. In this method, a redox dye is chosen that has a for the wild-type enzyme in the previous paper in this issue
midpoint potential withird=30 mV from that of the unknown. (1), a transient charge-transfer absorbance at 550 and 650
After preliminary studies indicated that the mutant enzymes nm was observed for the Asp120Asn enzyme during the
were more readily reduced compared to a phenosafraninecourse of reduction (data not shown). At NADH concentra-
dye En = —258 mV at pH 7.2), anthraquinone 1-sulfonate, tions of 10 and 2%M (after mixing), the phase associated
a redox dye of higher midpoint potentiat230 mV at pH with the rapid increase in absorbance was seen. At higher
7.2) (27) was used. For both mutant enzymes, the resulting NADH concentrations, the fast phase occurred within the
Nernst plots (data not shown) were linear, except for the dead time of the apparatus. The slow phase, however, was
points corresponding to less than 10% or more than 90% clearly apparent and corresponded to the decrease in absor-
reduced dye or enzyme. From the linear portions of the plots, bance at 450 nm. Figure 3 shows the 450 nm traces from a
the midpoint potentials were determined to 810 + 4 representative experiment. The observed rate constant for
and —207 + 4 mV for the Aspl20Asn and Glu28GIn reduction showed a hyperbolic dependence on the concentra-
mutants, respectively (Table 1). Experiments employing tion of NADH (inset). A fit of the data to eq 6 yielded an
phenosafranine as redox dye yielded midpoint potential apparentKy for NADH of 12 £ 2 uM and a maximum
values similar to those determined with anthraquinone observed rate constant (net rate constgntaccording to
1-sulfonate. Scheme 2) of 76t 7 s'1, 1.3-fold higher than that for the

In summary, the measured midpoint potentials of the wild-type enzyme (Table 1). In summary, these results are
Asp120Asn and Glu28GIn mutants were-Z0 mV greater consistent with more facile reduction of the enzyme-bound
than that of the wild-type enzyme-R37 mV (1)], consistent flavin of the mutant, predicted from the measured increase
with a loss of negative charge near the flavin in both of the in the thermodynamic driving force for reduction (Table 1).
mutant enzymes. An average 29 mV increase in the midpoint
potential corresponds to a relative thermodynamic stabiliza- _ Knad S| 6
tion of 1.3 kcal mot* for the reduced form of the enzyme. Kobs Ky + [S] 6)
Thus, our results predict that the enzyme-bound flavins of
the Asp120Asn and Glu28GIn mutants will be more easily = Aspl120Asn Mutation Significantly Decreases the Rate of
reduced, and once reduced, they will be more difficult to Reaction with FolateOn the basis of our modeling studies
reoxidize compared to the wild-type enzyme. with CHs-Hfolate, we proposed that Asp 120 would

Asp120Asn Mutation Increases the Rate of Reduction byparticipate in folate binding and catalysis. We predicted that
NADH. To obtain a clearer picture of catalysis by the the substitution of an asparagine for Asp 120 would impair
Asp120Asn mutant, the reductive and oxidative half-reactions reaction with the folate substrate. In the physiological
constituting the three oxidoreductase reactions (Scheme loxidoreduction, CktHsfolate is reduced to CiHifolate
in ref 1) have been examined in detail. The kinetic rate concomitant with reoxidation of the reduced enzyme (Scheme
constants for the NADHCH,-Hfolate oxidoreductase reac- 2, above). In a stopped-flow spectrophotometer, we have
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FicurE 3: Reduction of Asp120Asn enzyme by NADH. Oxidized B. 007 \ i 1 1 | |
enzyme, 1quM, was mixed with solutions of 10J), 25 @), 50
(D), 100 @), 200 (»), and 300 4&) M NADH (concentrations 0.08 - 7
after mixing). Stopped-flow reaction traces, monitored at 450 nm, 005 L |
were fit to two exponential phases. (Inset) Dependence of the ‘
observed rate constant for reduction (slow phase) on NADH . 4, | i
concentration. The data were fit to eq 6 which yielded an apparent ‘»
Kgq of 12 + 2 uM for NADH and ak;, of 70+ 7 s, 2 003 L i
-
0.02 H i
examined the reaction of photoreduced Asp120Asn enzyme
with CH,-Hafolate at pH 7.2 and 28C. The reoxidation was 001 ]
monitored by measuring the increase in flavin absorbance 0 ! | i i ! i !
at 450 nm. Spectra taken after each shot indicated that the 0 50 100 150 200 250 300 350
flavin was not fully reoxidized at low concentrations of EH CH,H folate (uM)

H.folate; full reoxidation was only achieved on adding 200 Ficure 4: Reoxidation of reduced Asp120Asn enzyme by,CH
and 30QuM CH-H.folate (concentrations after mixing). This  Haifolate. (A) Photoreduced enzyme (1M) was mixed with
difficulty in achieving full reoxidation reflects the fact that ~ Solutions of 100), 25 (@), S0 (), 100 @), 200 (1), and 300 &)

. PR . uM CH,-Hfolate (concentrations after mixing). Stopped-flow
the reaction proceeds to equilibrium rather than to completion reaction traces were monitored at 450 nm and fit to one exponential

under these conditions. A small, positive free energy changephase. B. Dependence of the observed rate constant efHGH

of +0.09 kcal mot?! at pH 7.2 corresponding to-a2 mv folate concentration. The data were fit to a eq 6 which yielded an
difference in midpoint potential can be calculated using the apparenKq of 21 + 3 uM for CHz-H,folate and & of 0.072+
respective potentials of the mutant enzym@10 mV, Table 0.008 s™.

1) and of the CHHJfolate/CH-H,folate redox couple at pH . L
7.2 (-212 mV) @1). The 450 nm reaction traces (Figure of the.enzyme to catalyze folate-dependent reactions in either
4A) were fit well to one exponential phase. This is in contrast direction. . . .

to the biphasic reaction traces observed for the wild-type AsplZQAsn.Mutatlon Significantly Deqreases Tusran
enzyme (see Figure 4 of r&j, suggesting the absence of a the Physiological NADH-ChiHfolate Oxidoreductase Re-
transient enzyme-folate complex or a change in the rate- action.The phyS|_0Iog|ca_I oxidoreductase reaction occurs by
limiting step for the mutant. A fit of the data to eq 6 (Figure transfer of reducing equivalents from NADH to the enzyme-
4B) resulted in an apparelt; for CH,-Hfolate of 21+ 3 bound FAD an_d then from the reduced FAD to £Hifolate.
M, only a 2-fold increase over that observed for the wild- From'the maximum observed rate constants for the two half-
type enzyme. The maximum observed rate constant for reactions catalyzed by the Asp120Asn mutant, reduction of

o ; flavin by NADH (70 s %) and reoxidation of the flavin by
0.072: 0.008 & 150-fld Iower than the ate constant for Gz Hlolte (0.072 ) (Table 1), an expecied value of
the wild-type enzyme. These results indicate that the half- 0.072 s* can be calc_ulated for the stead_y-state turnover
reaction involving the reduction of GHHfolate has been number. of the reaction, assuming a ping-pong-Bi
impaired by the Asp120Asn mutation, but gHfolate mechanism 32).
binding to the enzyme has been relatively unaffected. L

As is evident from a small, positive free energy change Y _ ok sl= M sl=0072s! 7)
of +0.09 kcal mot! in the physiological direction, reaction Er k+tk (70+0.072) '
of the Asp120Asn mutant with folate should be reversible.

The reduction of the Asp120Asn enzyme by {Hifolate This analysis shows that, for the Asp120Asn enzyme, the
was investigated in a stopped-flow apparatus (data notreoxidation of the flavin by CkHH folate will be substantially
shown). A fit of the data to eq 6 yielded an appar&afor more rate limiting in overall turnover than the reductive half-
CHs-Hsfolate of 22+ 7 uM and a maximum observed rate reaction. We predict, therefore, that the diminished rate of
constant (net rate constakits) of 0.062+ 0.007 s?, 40- folate-linked reoxidation induced by the Asp120Asnh mutation
fold lower than that for the wild-type enzyme (Table 1). will also reduce turnover in the physiological oxidoreduction.
Taken together, our stopped-flow kinetic data indicate that To test this prediction, a steady-state analysis of the reaction
the Asp120Asn mutation has significantly reduced the ability was carried out under anaerobic conditions in a stopped-
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Table 2: Steady-State Kinetic Constatits
Aspl120Asn Glu28Gin wild-tyge
NADH-CH,-Hsfolate oxidoreductase assay
Keat (s71) 0.057+ 0.007 <0.0002 10.4- 1
Km for NADH (u«M) <5.0 nd! 20+ 4
Km for CH,-Hsfolate (M) 27+3 nd 0.5+ 0.1
CHs-Hsfolate-menadione oxidoreductase assay
Keat (S74) 0.087+ 0.008 <0.002 3.2-04
Km for CHs-Hafolate (M) 106+ 10 nd 85+ 9
NADH-mendione oxidoreductase assay
Keat (571 54+ 5 0.20+ 0.02 55+ 8.3
Km for NADH (uM) 17+3 80+ 6 66+ 16
K; for NADH (uM) 40+ 20 nd 12+ 5

aKinetic constants were determined at 25 in 50 mM potassium phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.

bValues of constants were the average of two to four experimeRist 1.

d Not determined.

flow spectrophotometer. Thi€,, for NADH was estimated
to be less than 5.@ 1 uM, the K, for CH,-Hsfolate was 27
+ 3 uM, and the maximum turnover numbéef) was 0.057
+ 0.007 s?, 175-fold lower compared to the wild-type
enzyme (Table 2). This observed turnover number is in
reasonable agreement with the expected value of 0472
0.008 s calculated above. As predicted from the stopped-
flow data, the Asp120Asn mutant has significantly reduced
activity in the NADH-CH-Hjfolate oxidoreductase assay.
Aspl20Asn Mutation Affects Tumer in the Steady-State
CHs-Hfolate-Menadione and NADH-Menadione Oxidoreduc-
tase AssaysUnder aerobic conditions, MTHFR catalyzes
the CH-Hafolate-menadione (eq 8) and NADH-menadione
oxidoreductase (eq 9) reactions (see Scheme 1, parts C an
B, respectively, in refl):

CH;-H folate+ menadione—
CH,-H folate + menadiol (8)

NADH + menadione~ NAD* + menadiol ~ (9)

The Kma for NADH (A) was calculated to be 1# 3 uM,

Kia for NADH (A) was 40+ 20 uM, and thek., was 54+

5 st (Table 2). As described in the preceding paper in this
issue (), the net rate constant for reduction measured in the
stopped-flow apparatu&y) is equivalent tdk.o measured in
steady-state turnover whég> k;, i.e., when NAD" product
release is fast compared to flavin reduction (see Scheme 2).
The Aspl20Asn mutant is reduced by NADH with an
observed rate constanit,) of 70 s! (Figure 3, Table 1),
while the observed rate of turnover in the NADH-menadione
oxidoreductase assay is 54 §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
Aspl20Asn mutant.

Glu28GIn Mutation Renders the Enzyme Inagtiin
Reactions with FolateOn the basis of our CiHHfolate
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
CH,-Hfolate. We therefore expected that replacement of Glu
28 with a glutamine would impair both formation of the

In these reactions, menadione is used as the electron acceptqlycia| 5-iminium cation intermediate and the overall reaction

to reoxidize the reduced FAD. The reaction of reduced

with folate, so we examined the reoxidation of photoreduced

Aspl20Asn enzyme with men_adione at the concentrations ;,28GIn enzyme by ChH.folate in a stopped-flow spec-
used is very fast; the pseudo first-order rate constant (1400trophotometer. At concentrations of GH.folate up to 300

+ 500 s!) is similar to that of the wild-type enzyme (data

uM (after mixing), no increase in flavin absorbance at 450

not shown). Thus, in both of these assays, the rate is limited\, 1, was observed (data not shown). The mutant enzyme was

by the respective reductive half-reactions.

The CHs:-Hsfolate-menadione oxidoreductase assay was
carried out with the Asp120Asn enzyme in the presence of
saturating menadione (14@M). A fit of the data to the
Michaelis-Menten equation yielded &, for CHs-Hfolate
of 106+ 10 uM and ak, of 0.087+ 0.008 s, 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, excesg,
substrate inhibition by NADH was observed for the b

Asp120Asn enzyme. Applying 14@M as the concentration

of menadione (B) and 4M as the K, for menadione
(determined in an earlier experiment, data not shown), the
data were fit to eq 10 for single substrate inhibiti@3)(

v [AI[B] Kea
Er KnelAI(L + [A/K;) + KyalB] + [AI[B]

(10)

unable to use CHH.folate as a substrate and become
reoxidized. In a similar manner, the Glu28GIn enzyme was
inactive in the NADH-CH-H,folate oxidoreductase assay,
where reducing equivalents must be transferred from NADH
to CHy-Hfolate (Table 2). To examine folate catalysis in
reverse of the physiological direction, the steady-statg-CH
Hfolate-menadione oxidoreductase assay was performed in
the presence of saturating menadione. The mutant had no
detectable turnovek{y < 0.002 s?') (Table 2).

Although the Glu28GIn enzyme is not reducible by £H
sfolate, evidence for substrate binding has been obtained
y titration. Addition of one equiv of CHH.folate to
oxidized Glu28GIn enzyme under anaerobic conditions led
to a shift in the absorbance spectrum of the enzyme-bound
FAD, suggesting the formation of an,EBCHz-Hfolate
complex (Figure 5A). For comparison, Figure 5B shows
reduction of the wild-type enzyme on addition of €Hy-
folate. Taken together, our data demonstrate that the Glu28GIn
mutation has substantially reduced the ability of the enzyme
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(d), 100 @), 200 (»), and 300 4) uM NADH (concentrations
0.15 [ after mixing). Stopped-flow reaction traces, monitored at 450 nm,
@ C were monophasic. (Inset) Dependence of the observed rate constant
§ for reduction on NADH concentration. The data were fit to a eq 6
€ o4 [ which yielded an apparety of 73 £ 7 uM for NADH and ak,
§ F of 0.23+ 0.04 s*.
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0.05 been significantly impaired by the Glu28GIn mutation, but
NADH binding has been only minimally affected.
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Ficure 5: Titration of enzyme with ChtH,folate. Oxidized tases vary in structural motif, substrate specificity, and
enzyme, 1M (18 nmol), was titrated with aliquots of 3.3 mM  reaction catalyzed. However, in nearly all the structures

6S-CH-Hjfolate under anaerobic conditions. Spectra correspond : . : : : i
to addition of 0 0), 0.5 @), 1.0 (), and 5.0 W) equiv of 6S- examined, a positively charged protein moiety is within 3.5

CHz-H.folate, respectively. (A) Binding of CiHfolate to the A Of the N1-C2=0 position of the flavin §). The “N1-
Glu28GIn enzyme is represented by the observed shift. No reductionC2=0O protein moiety” can be a fully charged lysine or
of the FAD was observed. (B) Reduction of wild-type enzyme by arginine residue or a partially charged histidine or the positive
CHs-H folate. end of ana helix dipole. There are two possible functional
to catalyze folate-dependent reactions in either direction. roles for the positive charge at this locatic@#. First, any
These results are consistent with a role for Glu 28 in interaction with the protein that lowers the negative charge
5-iminium cation formation, perhaps as a general acid density near the flavin cofactor is expected to raise the
catalyst. Note that the 30 mV increase in midpoint potential midpoint potential, making the flavin easier to reduce.
observed for the Glu28GIn mutant (Table 1) predicts that Second, upon reduction of the flavin, a positive charge from
the mutant would be more easily reduced than the wild-type the protein at the N*C=O position would likely stabilize
enzyme by ChH,folate. This clearly is not true, suggesting  Preferentially the anionic flavin hydroquinone rather than the
that there is a kinetic/mechanistic impairment of the mutant neutral hydroquinone (see Figure 1). Studies with anionic
rather than a redox problem. flavin analogues have generally supported this vié®).(
Glu28GIn Mutation Also Impairs Reaction with NADH. Moreover,"N NMR experiments have shown definitively
In a stopped-flow spectrophotometer, the reduction of the that in the reduced state, the flavin is bound as the anionic
Glu28GIn mutant by NADH was monitored at 450 and 650 hydroguinone in glucose oxidas#6f andp-hydroxybenzoate
nm. No change in absorbance was observed at 650 nmhydroxylase 87), enzymes that contain a histidine and a
indicating the lack of a flavin-pyridine nucleotide charge- Ppositive helix dipole as the NiC2=O protein moiety,
transfer complex. The reaction traces at 450 nm were fit to respectively.
monophasic exponential curves (Figure 6). The inset shows In MTHFR, Asp120 is positioned with one of its oxygens
a plot of the observed rate constants vs the concentration ofin van der Waals contact@.8 A) with N1-C2=0 of the
NADH. The data yielded an appareidt for NADH of 73 flavin. The presence of a potentially negatively charged
+ 7 uM, an increase of 2.3-fold compared to the wild-type residue at this position near the FAD distinguishes MTHFR
enzyme. The maximum observed rate constant (net ratefrom all other known flavin oxidoreductases. The protonation
constantk,) was 0.23+ 0.04 s, 240-fold lower than that  state of Asp 120 within MTHFR is not known. However, if
for the wild-type enzyme (Table 1). Similar results were seen the K, of the side chain is similar to that in solutionkp
under steady-state conditions in the NADH-menadione ~ 4), the Asp 120 would be ionized as the carboxylate. In
oxidoreductase assay, where turnover is limited by NADH the present work, we have replaced Asp 120 with a neutral
reduction. Thek., was determined to be 0.28 0.02 s*! asparagine residue in order to investigate the influence of
and theK,, for NADH was 80+ 6 uM, 1.2-fold greater than  charge on the redox properties of the enzyme-bound FAD.
for the wild-type enzyme (Table 2). Taken together, these As expected for a loss of negative charge near the flavin,
results indicate that reduction of the enzyme by NADH has the midpoint potential of the Asp120Asn mutantA10 mV,
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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

Trimmer et al.

fold slower than the wild-type enzyme; it is significantly
impaired in CH-Hjfolate binding and in formation of the

the 31 mV decrease observed for a methionine substitutioncovalent ternary complex of enzyme, €H,folate, and 2

of a lysine (Lys 266) located next to the NC2=0 flavin
position in lactate monooxygenas¥8|. We propose that the
N1—-C2=0 protein moiety of a flavin enzyme can modulate
the redox properties of the flavin by directly influencing the

deoxyuridine 5monophosphate (dUMP)40Q, 41). The
crystal structure of the inhibitory, ternary complex of
Aspl69Asn enzyme, CiHsfolate, and FAUMP (5-fluoro-
dUMP) shows CH-Hjfolate bound at an alternate, nonpro-

protonation state of the reduced flavin hydroquinone. In the ductive site on the enzyme with its imidazolidine ring closed

case oft. coliMTHFR, the presence of a negatively charged
aspartate at the NAC2=0 position suggests that the reduced

(40); for comparison, the structure of the analogous wild-
type enzyme complex reveals a stable structural analogue

FAD will be bound as the neutral hydroquinone rather than of the covalent ternary intermediate productively bound at
the anion (see Figure 1) so as to avoid unfavorable electro-the active site 10). These structures suggest that in the

static repulsion at the NAC2=0 locus. Mutation of Asp

Aspl69Asn mutant, nonproductive binding of €Hsfolate

120 to an asparagine, however, would be expected to lowerhas prevented imidazolidine ring opening. In contrast, the

the (K 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 Catiom.
the basis of the modeling of GHHfolate into the MTHFR
active site (Figure 2), we proposed roles for Asp 120 in
binding of CH-H,folate and in stabilization of the 5-iminium

cation during catalysis. Although the model suggests biden-

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 complexl(). 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 Aspl120Asn MTHFR enzymes in complex with both
ring-closed and ring-opened folate analogues may help to
ascertain whether the proper orientation of the imidazolidine

tate hydrogen bonding between the carboxylate oxygens ofring plays an important role in MTHFR catalysis. The

Asp 120 and the N3 and 2-amino groups of the folate
substrate, we have found that the appaténfor CHy-H;-

folate is increased only 2-fold by the Asp120Asn mutation
(Figure 4, Table 1). The amide substitution in Asn 120 would

monophasic kinetics observed for oxidation of reduced
mutant enzyme by CHH,folate (Figure 4) stands in contrast
to the biphasic pattern observed for the wild-type enzyme
(Figure 4 in refl). Until we understand the origin of the

have been expected to disrupt one of the hydrogen bondsbiphasic kinetics observed for the wild-type enzyme (see
Structures of folate complexes of the wild-type and mutant preceding paper in this issue for discussion) we will not be

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 GHHfolate, it has

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

significantly decreased the ability of the enzyme to catalyze is formed. The ionization state of the Asp 120 carboxylate
folate-dependent reactions in either direction (Tables 1 andside chain within MTHFR is not known. However, the
2). These data are consistent with a role for Asp 120 in the observed increase in midpoint potential for the Asp120Asn

formation and/or stabilization of the high-energy folate
intermediate, the 5-iminium cation, during catalysis. Al-

mutation (Table 1) suggests that a negative charge near the
flavin has been lost. If theky, of the Asp 120 carboxylate

though the existence of a 5-iminum cation has not been side chain is close to that in solutionKp~ 4), Asp 120

demonstrated directly in MTHFR, the intermediate is a
reasonable first step in activation of the £Hsfolate for

would be negatively charged and able to stabilize a develop-
ing positive charge on the 5-iminium cation intermediate.

hydride transfer from the reduced flavin (See Scheme 1). A From our CH-Hjfolate docking model (Figure 2), the
three-step catalytic process can be envisioned to promotedistance between the Asp 120 side chain and N5 of the

ring opening of CH-Hfolate and generation of the 5-imi-
nium cation in MTHFR: first, the enforcing of the proper
orientation of the five-membered imidazolidine ring of £H
H,folate (L0, 40), perhaps concomitant with substrate bind-
ing; second, protonation of N10 by an acid catalyst to
increase its leaving group ability@); and third, electrostatic
stabilization of the resulting high energy cationic intermedi-

5-iminium folate cation is estimated to bes.3 A 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) irt. coli dihydrofolate reductase. Asp

ate. Our results with the Asp120Asn mutant MTHFR suggest 27, the only ionizable group near thefblate substrate, is

that it is able to bind CkrHfolate in its ring-closed form,
but then is impaired in the conversion to the 5-iminium cation

positiona 5 A from the N5 atom and hydrogen bonds to
N3 and 2-amino group of the pterin ringi4). The Asp27Asn

by one of the above steps. Structural studies of the analogousnutant enzyme has a 300-fold lower catalytic activity

mutation (Asp169Asn) iit. coli thymidylate synthase lend
support to a role for orientation in GHH,folate catalysis.

Asp 169 hydrogen bonds to N3 and, via a water molecule,

to the 2-amino group of CHHfolate (10). The Asp169Asn

mutant enzyme catalyzes dTMP product formation 8000-

compared to the wild-type enzyme and is deficient in the
N5 protonation step needed to promote hydride trandf@r (
Recent data suggest that the side chain of Asp 27 h& a p
below 4 and is ionized at the active site of the enzyd®.(
Raman difference spectroscopy has further shown that the
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pK, of the enzyme-bound N5 atom of folate is 6.5 compared A charge-transfer complex, probably between oxidized
with 2.6 in solution 45). Taken together, these data suggest enzyme and NADH, is observed for wild-type MTHFR

that during catalysis, Asp 27 remains ionized and facilitates (Figure 2B in refl), but not for the Glu28GIn enzyme. This

protonation of N5 by raising itsky, via long-range electro-  suggests that NADH may not be bound in the optimal
static interactions, perhaps involving bound water molecules. orientation for hydride transfer in the mutant enzyme,
We propose that an electrostatic effect similar to that in accounting for its significantly decreased activity. It is
dihydrofolate reductase may allow a negatively charged Asp interesting to note that although the relative orientation
120 in MTHFR to stabilize the putative 5-iminium cation between NADH and Glu 28 has a major influence on

intermediate. catalysis, its effect on thig for NADH is minimal (Figure
Glu 28 Has an Essential Role in Folate Agttion and/ 6, Tables 1, 2).
or Catalysis.We have proposed that Glu 28 of MTHFR, In summary, modeling of CHH,folate into the structure

located near N10 of the folate (Figure 2), may serve as aof E. coli MTHFR (Figure 2) implicated two conserved
general acid catalyst involved in opening of the imidazolidine amino acid residues, Asp 120 and Glu 28, as potential
ring and generation of the 5-iminium cation required for catalysts of the reaction with folate. In this paper, we have
catalysis. Our results show that the Glu28GIn mutant enzyme characterized the properties of the Asp120Asn and Glu28GIn
is defective in folate-dependent catalysis; it is unable to mutant enzymes and our results support involvement of these
catalyze the reduction of GHH,folate to CH-Hgfolate or residues in folate activation and/or catalysis. We have drawn
the reverse of this reaction and is inactive in the physiological useful parallels between the mechanismg o€oli MTHFR
NADH-CH,-Hfolate oxidoreductase reaction (Tables 1 and and the structurally unrelated enzyme, thymidylate synthase.
2). For comparison, the Glu60GIn mutant®fcoli thymidy- Both MTHFR and thymidylate synthase presumably catalyze
late synthase shows a 370-fold decrease in overall dTMP activation of CH-H.folate to the more reactive 5-iminium
product formation Z0) and the Glu28GIn46), Glu60Ala, cation and both contain a glutamate and an aspartate residue
and Glu6OLeu 47) mutants are greatly slowed in the in proximity to the folate at their active site. In MTHFR,
formation of the covalent ternary complex between enzyme, the unusual aspartate residue above the 82=0 position

CHx-H.folate, and dUMP. Although these data suggest that of the flavin may be a requirement for activation of the folate
Glu 60 may assist in imidazolidine ring opening, the isolation substrate.

by SDS/PAGE of the covalent intermediates of the Glu60Ala

and Glu60Leu mutants indicates that Glu 60 it is not essential ACKNOWLEDGMENT

for complex formation47). Interestingly, structural analysis -

of the Glu60GIn mutant enzyme provides evidence that Glu We .thank Robert Blumenthal for prgwdmg the pGP1-2
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the ionization state of Glu 28 is not known: direct protonation drawing attention to Asp 120 in the structure.
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