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ABSTRACT. The flavoprotein methylenetetrahydrofolate reductase (MTHFR) fsaherichia colcatalyzes

the reduction of 5,10-methylenetetrahydrofolate §&Hfolate) to 5-methyltetrahydrofolate (GHHfolate)

using NADH as the source of reducing equivalents. The enzyme also catalyzes the transfer of reducing
equivalents from NADH or ChktHfolate to menadione, an artificial electron acceptor. Here, we have
determined the midpoint potential of the enzyme-bound flavin te-B87 mV. We have examined the
individual reductive and oxidative half-reactions constituting the enzyme’s activities. In an anaerobic
stopped-flow spectrophotometer, we have measured the rate constants of flavin reduction and oxidation
occurring in each half-reaction and have compared these with the observed catalytic turnover numbers
measured under steady-state conditions. We have shown that, in all cases, the half-reactions proceed at
rates sufficiently fast to account for overall turnover, establishing that the enzyme is kinetically competent
to catalyze these oxidoreductions by a ping-pong Bii mechanism. Reoxidation of the reduced flavin

by CH,-Hsfolate is substantially rate limiting in the
reaction. In the NADH-menadione oxidoreductase

physiological NADH-gH.folate oxidoreductase
reaction, the reduction of the flavin by NADH is rate

limiting as is the reduction of flavin by CiHjfolate in the CH-Hfolate-menadione oxidoreductase

reaction. We conclude that studies of individual hal

If-reactions catalyzéd bygli MTHFR may be used

to probe mechanistic questions relevant to the overall oxidoreductase reactions.

Methylenetetrahydrofolate reductase (MTHFR)a flavo-
protein that catalyzes the reduction of 5,10-methylenetetra-
hydrofolate (CH-H.folate) to 5-methyltetrahydrofolate (GH
Hifolate), as shown in eq 1.

CH,-H,folate+ NAD(P)H + H* —
CH,-H,folate+ NAD(P)" (1)

In the reaction, NAD(P)H transfers reducing equivalents to
a noncovalently bound flavin adenine dinucleotide (FAD)
cofactor, which in turn transfers them to @Hafolate.
MTHFR provides CH-Hjfolate for use in the methylation
of homocysteine to form methionine. In humans, mutations
in MTHFR have been correlated with elevated levels of
homocysteine, a risk factor for cardiovascular disedsg)(
and with neural-tube defects in the fetss-5).

MTHFR from porcine liver has been purified and exten-
sively characterized (reviewed in rd). Using peptide
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sequences from the porcine enzyme, a cDNA for the human
enzyme was identified and sequenced. (Eukaryotic
MTHFRs are homodimeric enzymes in which each subunit
is composed of an N-terminal catalytic domain and a
C-terminal regulatory domain. The subunits of MTHFRs
from enteric bacteria contain only the catalytic domain and
alignment of their sequences with the catalytic domains of
the eukaryotic enzymes shows~80% sequence identity.
This level of sequence identity predicts that the enzymes will
have both structural and mechanistic similarities.

Our studies have recently focused &scherichia coli
MTHFR as a model for the catalytic domain of the human
enzyme. The X-ray structure of tlie colienzyme has been
determined &). In contrast to the porcine and human
enzymes, which are available only in limited quantities,
coli MTHFR has been overexpressed and homogeneous
protein can be obtained in high yield3)( The availability
of this enzyme and the determination of its structure make
it ideal for investigation of the chemical and kinetic mech-
anism as well as for examination of the catalytic roles of
specific amino acid residues. In an earlier paper, we described
the initial characterization of thg&. coli enzyme 9). The
properties ofE. coli MTHFR are similar to those of the
porcine enzyme. ThE. colienzyme, however, uses NADH
in preference to NADPH, whereas the porcine enzyme uses
NADPH preferentially. The kinetic analysis of porcine
MTHFR is complicated because of the allosteric inhibition
of enzyme activity by adenosylmethionine (AdoMe1)0(

11). Even in the absence of AdoMet, approximately 25% of
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the enzyme is in the inactive T state, and slow interconver- salt. Nonradioactive (8,S)-CHs-H,folate (calcium salt) was
sion of the inactive T state enzyme to the active R state purchased from Schircks Laboratories (Jona, Switzerland).
occurs when NADPH is added ). In contrast, there isno  (69-CHs-Hsfolate and (&)-H,folate (sodium salts) were gifts
evidence that theée. coli enzyme is subject to allosteric  from Eprova (Schaffhausen, Switzerland). Xanthine oxidase
regulation by AdoMet. and 3,10-dimethyl-5-deazaisoalloxazine were provided by V.
In addition to the physiological oxidoreductase reaction, Massey. Protocatechuate dioxygenase (PCD) was purified
MTHFR catalyzes the reactions shown in eqs 2 and 3, in from Pseudomonas cepadB01 (14). The Econo-Pac DG-
which menadione is used as an artificial electron acceptor. 10 columns were purchased from Bio-Rad.
Concentrations of the following solutions were determined
NAD(P)H + menadione—~ NAD(P)" + menadiol (2) spectrophotometrically using published extinction coef-
. ficients: ezs0= 6230 Mt cm* for NADH (15), €340 = 3100
CHj-H,folate + menadione—~ M~1cm* for menadione in methanal 8, 16), ex9o= 31 700
CH,-H,folate+ menadiol (3)  M~* cm (pH 7.2) for CH-H.folate (17), €207 = 32 000

) . - Mtcm (pH 7.2) for CH-H4folate (17), €208 = 28 400
These assays have the virtue of being conducted in airp-1 ¢yt (pH 7.2) for Hfolate (L7).

saturated buffers, because the reaction of reduced enzyme g .qli MTHFR Purification. E. coliMTHER modified

with oxygen is much slower than its reaction with menadi- ith a six-histidine tag on the C-terminus was expressed and
one; in contrast, the physiological oxidoreductase assay (edpyrified by a published proceduré)(or by a slightly
1) can only be conducted under anaerobic conditions, duemogified version. In the modified method, the nickel affinity
to the susceptibility of ChtH.folate to oxidation. Porcine  chromatography was carried out with buffer solutions
MTHFR has been shown to catalyze the reactions shown in¢ontaining 10% glycerol. The fractions containing pure
eqs -3 by employing ping-pong BiBi mechanisms12, enzyme, as assessed by polyacrylamide gel electrophoresis
13), in which the enzyme-bound FAD is alternately reduced in the presence of sodium dodecy! sulfate, were pooled and
by one substrate and oxidized by the second substrateconcentrated with Centricon 100 microconcentrators (Milli-
Preliminary data suggest a similar mechanism for&heoli pore). The buffer was exchanged to 50 mM potassium
enzyme. Each of the catalytic reactions shown in e68 1 pnosphate (pH 7.2) containing 0.3 mM EDTA and 10%
can be divided into two half-reactions that can be examined g|ycerol by gel filtration chromatography on a DG-10 column
individually: a reductive half-reaction in which the enzyme- (Bjo-Rad). The protein was stored-a80 °C at a concentra-
bound FAD is reduced and an oxidative half-reaction in tjon of greater than 308M. Using the above procedure for
which the reduced FAD is reoxidized. Before basing prification, a liter of cell culture yielded greater than 60
mechanistic conclusions about the overall catalytic reaction g of purified MTHFR. Enzyme concentrations were
on observations derived from the study of individual half- yetermined from the visible absorbance at 447 nm due to
reactions, however, it is important to demonstrate forfhe  ond FAD, using a molar absorbance coefficient of 14 300
coli enzyme that the half-reactions are kinetically competent \;-1 ¢m-1 (9). Throughout this paper, the enzyme concentra-
for normal catalysis, i.e., that they proceed at rates suf-tjon has been expressed as the molarity of enzyme-bound
ficiently fast to account for overall turover. _ FAD; the enzyme (a tetramer) contains one molecule of FAD
In the present study, we have investigated the catalytic per subunit of 34 062 Dadj.
properties oE. coliMTHFR. We have measured the steady- ~ \jethods All experiments were conducted at 26 in 50
state kinetic parameters for the reactions shownined® 1\ potassium phosphate (pH 7.2) containing 0.3 mM EDTA
We have also examined, under the same experimentalang 109 glycerol (referred to as protein buffer), unless
conditions, the individual half-reactions associated with these giherwise noted. Uvis spectra were recorded with a
activities, by measuring the rate constants of flavin reduction ghimadzu UV2501PC double-beam spectrophotometer or a
and oxidation under anaerobic conditions in a stopped-flow yewlett-Packard 8453 diode array spectrophotometer.
spectrophotometer. We have demonstrated the formation of - \ignoint Potential DeterminatiorThe midpoint potential
pre-steady-state enzymseubstrate complexes for the first ¢ the enzyme-bound FAD . coli MTHFR was deter-
time. We have als'o.shown that in all cases, the half—reactlc_)nsmined spectrophotometrically by employing the xanthine/
occur at rates sufficiently rapid to account for overall catalytic yanthine oxidase reducing system with benzyl viologen as
turnover. We conclude thé. coli MTHFR s kinetically mediator (8). Phenosafranine was used as the reference
competent to catalyze these overall reactions by ping-pongyeqox dye of known potential. TH&, for the phenosafranine
Bi—Bi mechanisms. In the following paper in this issue, we gqox couple is-252 mV at pH 7.015), and at pH 7.2Ex,
apply these kinetic methods to the characterization of two 5 cgiculated to be-258 mV (19). A 1.40 mL solution of
mutant enzymes in order to probe the roles of specific 20 uM enzyme, 30«M xanthine, 2uM benzyl viologen,
residues in the chemical mechanism of this important 54 10uM phenosafranine was placed in an anaerobic
enzyme. cuvette with two sidearms similar to that previously described
EXPERIMENTAL PROCEDURES (_20). Xanthine o_xidase (aL of a 25uM solution, 100 nM
final concentration) was put in a sidearm. The contents of
Materials. NADH, menadione, FAD, dimedone, pheno- the cuvette were made anaerobic by 10 cycles of alternate
safranine, benzyl viologen, xanthine, and protocatechuateevacuation and equilibration with high-quality argon that had
(3,4-dihydroxybenzoate) were purchased from Sigma. Form-been further purified by passage over an oxygen-absorbing
aldehyde was obtained from Fisher.f&-methy]-(6R,S)- gas purifier (LabClear). After the solution was made anaero-
CHz-H folate (specific activity 54 mCi mmol) was pur- bic, xanthine oxidase was tipped in to start the reaction. The
chased from Amersham Pharmacia Biotech as the bariumtime-dependent reduction of the enzyme and dye was
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followed by monitoring changes in the absorbance spectrumexperiments performed without added formaldehyde yielded
between 300 and 800 nm. Complete reduction of the systemresults similar to those obtained with solutions containing 2
was achieved in 1 h; longer reduction times resulted in mM formaldehyde.

substantial turbidity due to precipitation of enzyme upon  Reduction of the enzyme-bound FAD or reoxidation of
reduction. The reduction of the redox dye phenosafranine reduced enzyme was followed at 450 nm. Transient charge-
was monitored by the decrease in absorbance at 520 nmransfer complexes between enzyme-bound FAD and pyri-
where neither the oxidized nor reduced enzyme forms absorbdine nucleotide were monitored at 550 and 650 nm. Rate
and the reduction of enzyme was monitored by the decreaseconstants were calculated from exponential fits of single-
in absorbance at 398 nm, which is isosbestic for the reductionwavelength absorbance traces using the program KISS
of phenosafranine. The ratios of oxidized and reduced (Kinetic Instruments, Inc.), which employs the Marquardt
enzyme or dye were calculated from each spectrum, and theLevenberg algorithm24). In most cases, the values calcu-
log(ox/red) of the dye was plotted versus the log(ox/red) of lated for the observed rate constants demonstrated a hyper-
the enzyme-bound FAD, according to the method of bolic dependence on the substrate concentration. Using a
Minnaert @1). The change in midpoint potentiahEy,) nonlinear least-squares fitting algorithm in the program
between the reference dye and the enzyme-bound FAD wasKaleidagraph (Synergy Software, Reading, PA), the data
determined from the value of log(ox/red) of the enzyme at were fit to eq 4

the point where log(ox/red) of the dye was zero. Then, using

a midpoint potential of~258 mV for the phenosafranine _ KmadS] 4
couple at pH 7.2 15, 19), the midpoint potential of the Kons = Ky + [S] (4)
enzyme-bound FAD was calculate®ily.

Stopped-Flow Measurements of Enzymatic Half-Reactions.wherek,sis the observed rate constakiaxis the maximum
Rapid-reaction measurements were performed in a Hi-Techrate constant at saturating substrate, [S] is the concentration
Scientific SF-61 stopped-flow spectrophotometer equipped of substrate, anl4 is the apparent dissociation constant for
with a tungsten light source for single wavelength detection. the enzyme substrate complex. In these determinations,
For anaerobic work, the instrument was flushed with an however, the true dissociation constant is likely less than
oxygen-scrubbing solution of 0.1 M potassium phosphate the calculated apparei value because at concentrations
(pH 7) containing protocatechuate dioxygenase (PCI) 1 of substrate (1625 uM) comparable to the 1M enzyme
unit mL™1) and its substrate, protocatechuate (PCA, 3,4- concentration, the concentration of free substrate is less than
dihydroxybenzoate) (20@M), and allowed to stand over-  the concentration of total substrate. Furthermore, under these
night (22). For each experiment, a solution of 20 enzyme conditions, reactions are not truly first order.
and 20uM PCA was placed in a glass tonometer, with PCD  Steady-State Kinetic Assays. (i). €Hsfolate-Menadione
in a sidearm. The contents of the tonometer were madeOxidoreductase Assaylsing menadione as an alternative
anaerobic by 10 cycles of evacuation followed by equilibra- electron acceptor, MTHFR oxidizes [Bc-methy] CHs-
tion with oxygen-free argon. At completion of the gas Hfolate to [54+“C-methyleng CH,-H,folate, which breaks
exchanges, PCD~0.1 unit mL™ final concentration) was  down in the presence of acid and heat4GH,O (formal-
introduced from the sidearm. When reduced enzyme wasdehyde) and kfolate 25, 26). For quantitation, the radio-
used for experiments, the enzyme solution also containedlabeled formaldehyde is complexed with dimedone, extracted
10 mM EDTA and 2uM 3,10-dimethyl-5-deazaisoallox- into toluene, and measured by scintillation counting. The
azine. Following the deoxygenation cycles, the enzyme, assay was performed as described previo@lyekcept with
while immersed in an ice water bath, was photoredu28)l (  the following modifications. All reactions were carried out
by exposure to visible light from a Sun Gun (Smith Victor at 25 °C and pH 7.2. The reaction mixture (82d.)
Corp., Griffith, IN) for 1-2 min. PCD ¢0.1 unit mL* final contained 50 mM potassium phosphate (pH 7.2), 0.3 mM
concentration) was then introduced from a sidearm, which EDTA, 10% glycerol, 0.24% bovine serum albumin,av
had been shielded from light. Control experiments indicated FAD, 140 uM menadione, and [3!C-methy] (6R,9-CH;-
that the PCD/PCA oxygen-scavenging system had no effectH,folate (specific activity 1200 dpm nmd) at a range of
on the measured rate constants. concentrations from 17 to 50 (6S)-CHs-Hfolate. The

Substrate solutions containing various concentrations of mixture was preincubated at 26 for 5 min, and the reaction
NADH, (69-CHs-Hsfolate, or menadione were prepared in was initiated by addition of 2QuL of enzyme (final
the protein buffer and bubbled with oxygen-free argon for concentration 0.72M). The enzyme was stored in stock
10 min. PCA and PCD were added as an oxygen-scavengingsolutions of 2M prior to dilution into the assay mixtures.
system just prior to use. A B§-CH,-Hjfolate stock solution  After 30 s, the assay was terminated by the addition of 300
was prepared anaerobically by adding 15 mg §-d.folate uL of 3 mg mL™* dimedonem 1 M sodium acetate (pH 4.5)
to 5 mL of deaerated 50 mM potassium phosphate buffer and incubated at 10€C for 2 min. The reaction mixtures
(pH 8.6) containing 10% glycerol and 0.3 mM EDTA. were cooled on ice for 2 min and 3 mL of toluene were
Formaldehyde (5QL of a 6.2 M stock, 10-fold molar excess) added. The mixture was vortexed until well-mixed and then
was added to generate 6 mMMRBCH,-Hfolate, and the  spun in a clinical centrifuge at 3700 rpm for 8 mia 1 mL
solution was kept on ice under positive pressure under argonvolume of the toluene phase was added to 10 mL of Eco-
Substrate solutions containingRBCH,-Hjfolate were made  lite scintillation cocktail (ICN Biomedicals Inc.) and counted.
by adding various amounts of theRBCH,-Hfolate stock All assays were corrected for the cpm found in samples to
solution to deaerated protein buffer. All solutions were which buffer was added in place of enzyme. Using the
brought to a final concentration of 2 mM formaldehyde (after program Kaleidagraph, the/Er versus (&)-CHs-Hifolate
mixing), and then PCA and PCD were added. Control data were fit to the MichaelisMenten kinetic equation (eq
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5) to obtain the steady-state kinetic parametgssand K To determine th&na andKa for NADH, enzyme (1.25
uM after mixing) was mixed with an equal volume of

v _ Keaf S 5 solution containing 20@M (6R)-CH_-H,folate and concen-

E; - K., + [S] () trations of NADH varying from 2.5 to 30@M (concentra-

tions after mixing). Th&,g andKig for CH,-Hsfolate were

(i) NADH-Menadione Oxidoreductase Assain the also determined using the NADH-GHH,folate oxidoreduc-
presence of menadione, MTHFR oxidizes NADH to NAD  tase assay. Enzyme (1.2M after mixing) was mixed with
and the reaction can be monitored by the decrease in thean equal volume of solution containing 108 NADH and
NADH absorbance at 343 nnR%, 26). The assay was concentrations of 8)-CH,-Hsfolate varying from 2 to 1000
performed as described previousl9),( except with the M (concentrations after mixing). Initial rates were calculated
following modifications. To determine the, for NADH, a from the decrease in NADH absorbance over time, using an
3 mL reaction mixture containing 50 mM potassium phos- extinction coefficient of 6230 M cm™* for NADH at 340
phate (pH 7.2), 0.3 mM EDTA, 10% glycerol, 14M nm (15). The steady-state kinetic parameters were determined
menadione, and-5300uM NADH was preincubated at 25 by fitting the data to eq 7 for double substrate inhibition in
°C for 5 min, and the reaction was initiated by addition of a ping-pong BiBi system 27) using the program Kaleida-
5 uL of enzyme (final concentration 0.016/M). The graph. Because of the relatively high concentration of enzyme
enzyme was stored in stock solutions of 2zM prior to necessary for these experiments, the two lowest concentra-
dilution into the assay mixtures. Similarly, at an NADH tions of substrate employed were onkt2-fold higher than
concentration of 12M, menadione was varied from 5to  that of the enzyme, conditions out of the range of typical
140 uM to determine itKy,. As described by Daubner and steady-state kinetics. Fits of the data with and without these
Matthews (2), initial rates were calculated from the decrease lowest data points yielded similar kinetic parameters, within
in NADH absorbance at 343 nm over time, using an the allowed error of the experiment.
extinction coefficient of 6220 M cm™ for NADH. The
343 nm wavelength was chosen because oxidized menadionev_ _
and its reduced form, menadiol, are isosbestic here and thus;
do not contribute to the observed absorbance changes. All [A][B] k,
assays were corrected for the initial rate observed in reaction al
mixtures to which buffer was added in place of enzyme. To  KmalBI(1 + [Bl/Kig) + Kipg[AI(1 + [AV/Kip) + [Al[B]
correct the steady-state kinetic constants for inhibition due (7)
to excess NADH substrate, the data were fitted to eq 6 for
single substrate inhibition in a ping-pong-B8i system 27) RESULTS
using the program Kaleidagraph.

Midpoint Potential The midpoint potential K,) of an
v _ [AI[B] Keat ©6) enzyme is a measure of the potential required to form equal
Er K glAl(1 + [Al/Kx) + K,a[B] + [A][B] concentrations of oxidized and reduced enzyme forms.
Typically, a bound flavin has a midpoint potential associated
(i) NADH-CH,-Hfolate Oxidoreductase Assain the with one-electron reduction to the semiquinone and another
physiological NADH-CH-Hfolate oxidoreductase assay, midpoint potential associated with conversion of the semi-
MTHFR oxidizes NADH and reduces GHH folate to CH- quinone to the two-electron reduced hydroquinone. A semi-
H.folate. The oxidation of NADH can be observed as a quinone species of the flavin is not observed by either
decrease in the absorbance at 340 i) £6). The assay  substrate- or photoreduction &. coli MTHFR (data not
was performed as described previousdy, (vith modifica- shown), and therefore, a single midpoint potential for two-
tions. All reactions were carried out at 268 and pH 7.2. electron flavin reduction is determined. A method developed
Because of the susceptibility of GHHfolate to oxidation by Massey {8) was employed for measurement of the
and to permit use of a higher concentration of enzyme, the coli MTHFR midpoint potential. A representative experiment
assay was performed under anaerobic conditions in ais shown in Figure 1A. Enzyme in equilibrium with pheno-
stopped-flow instrument. We used a Hi-Tech Scientific SF- safranine, a redox dye with a midpoint potential-6258
61 spectrophotometer equipped with a deuterium light source.mV at pH 7.2 @5, 19), was reduced slowly by xanthine
Because of issues of enzyme stability upon diluti®yoj, a oxidase and its substrate xanthine. Benzyl viologen at a low
MTHFR concentration of 2.5M, prior to mixing, was concentration was included in the mixture to mediate electron
employed in the experiments. Using the NADH-menadione transfer between xanthine oxidase, MTHFR, and pheno-
and CH-H.folate-menadione oxidoreductase assays, we safranine. The reduction was monitored spectrally, and the
determined that a 2.6M enzyme solution was stable over spectra were analyzed for the concentrations of oxidized and
a time period of at least 6 h, sufficient time to perform the reduced dye and the concentrations of oxidized and reduced
stopped-flow experiments (data not shown). MTHFR (2.5 MTHFR. A plot of the data according to the method of
uM) was mixed with an equal volume of buffer containing Minnaert 1) (Figure 1B) yielded a potential 0f237 + 4
NADH and (&)-CH,-Hfolate. Prior to mixing, both solu- mV for the enzyme redox couple. Similar results were
tions were deaerated, and PCA and PCD were added toobtained from two other experiments.
scavenge any remaining oxygen. For use in these experi- MTHFR Steady-State Assays and Half-Reactiortse
ments, a (B)-CH,-Hfolate stock solution was prepared catalytic properties oE. coli MTHFR have been defined
anaerobically from reaction of (6S)Jfélate with formal- by studying the three oxidoreductions catalyzed by the
dehyde as described above. enzyme and the half-reactions constituting these oxidoreduc-
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A. Scheme 1: MTHFR Assays and Half-Reactions
T ' T A. NADH-CH,-H,folate Oxidoreductase Assay
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Ficure 1: Determination of the midpoint potential d&. coli
MTHFR. Anaerobic enzyme (20M in FAD) and phenosafranine
redox dye (1QuM) were reduced by xanthine (2Q0M), xanthine Menadiol  Menadione
oxidase (100 nM), and benzyl viologen 41) at pH 7.2 and 25

°C, according to Masseyl§). (A) The spectra with decreasing  of the physiological oxidoreductase reaction (Scheme 1A)

absorbance were recorded at 0, 4, 8, 12, 16, 20, 24, 28, 32, 36, 40 [
and 44 min. (B) Log (ox/red) of dye versus log(ox/red) of enzyme- or oxidation of CH-Hifolate as part of the CiH.folate-

bound FAD. The reduction of phenosafranine was monitored by menadione oxidoreductase reaction (Scheme 1C).
the decrease in absorbance at 520 nm, and the reduction of enzyme In the NADH-menadione (Scheme 1B) and £Hifolate-
e i e e o s i b it R menadione (Seheme 1) oxdoreductase assays, menadione
midpoint potential of—-258 mV for the Shenosafranine couple at IS u.sed as a .hl.gh potential ele.Ctron acceptor to return the
pH 7.2 (19) was used to determine the potential of the enzyme. flavin to its oxidized form. As will be discussed below, the
The data yielded an enzyme midpoint potentiaH#37 + 4 mV. rate constant associated with the reoxidation of reduced
enzyme by menadione is very fast, and in both of these
tions (diagrammed in Scheme 1). Scheme 1A shows theassays, the reductive half-reaction is rate limiting. Thus,
physiological NADH-CH-H,folate oxidoreductase reaction. under steady-state conditions, the NADH-menadione oxido-
In the reductive half-reaction, the enzyme-bound FAD reductase assay examines the reduction of oxidized enzyme
accepts reducing equivalents from the NADH substrate andby NADH in the absence of the folate substrate, and the
becomes reduced. Measurement of the midpoint potential CHz-Hifolate-menadione oxidoreductase assay examines the
of the MTHFR-bound FAD yielded-237 mV at pH 7.2 reduction of oxidized enzyme by GHH,folate in the absence
(Figure 1). The midpoint potential for NADH/NADis —316 of pyridine nucleotide.
mV at pH 7.0 £8), and at pH 7.2F,, is calculated to be For each oxidoreduction in Scheme 1, we have determined
—322 mV. The reduction of enzyme by NADH occurs with the steady-state kinetic parameters. Also, we have directly
a difference in midpoint potential of 85 mV, which corre- measured the net rate constants for reduction or oxidation
sponds to a free energy decrease-&.9 kcal mof?, and of flavin in each half-reaction as a function of substrate
thus, the equilibrium for this half-reaction favors formation concentration, using a stopped-flow spectrophotometer. Then,
of reduced enzyme. In the oxidative half-reaction (Scheme for each oxidoreductase reaction, a comparison has been
1A), the reduced FAD is reoxidized by transfer of reducing made between the steady-state turnover number and that
equivalents to ChtHsfolate. The midpoint potential for the  which would be calculated from the net rate constants of
CH,-Hfolate/CH:-H,folate couple is—200 mV at pH 7.0 the respective half-reactions. As described below, this
(29), and theE, is calculated to be-212 mV at pH 7.2. comparison allows the rate-limiting portions of each overall
From the respective potentials of the folate couple and the catalytic reaction to be ascertained.
enzyme, a difference in midpoint potential of 25 mV at pH  Scheme 2 diagrams the kinetic constants associated with
7.2 can be calculated, which corresponds to a free energythe reductive and oxidative half-reactions of the physiological
change of-1.2 kcal mof™. Thus, this half-reaction is deemed oxidoreductase reaction and the constants corresponding to
reversible, and the enzyme can catalyze either of two half- the oxidative half-reaction with menadione. Using the method
reactions involving folate: reduction of GHH,folate as part ~ of partition analysis and the concept of net rate constants

Reductive half-reaction

X

E-FADy  E-FADpq

Oxidative half-reaction

X
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Scheme 2: Kinetic Mechanisms for MTHFR Hal-Reactions
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k. may limit the value ofk,. For comparison, the catalytic 0 02 °-4Time (8)0-5 08 !
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tions where the reductive half-reaction is rate limiting, is 0.03 , , , ' . .
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relative magnitudes of, andks provided thatk—, < k; +
ks. Thus, in our analyses that follow, where one half-reaction ]
limits the rate of overall turnover, comparisons between the o 005 o1 015 02 025 08
net rate constant for that half reaction akg have been Time (s)

made to ascertain th.e rate-limiting portions of eaCh. oxido- FIGURE 2: Reduction of enzyme by NADH. (A) Oxidized enzyme,

reductase half—regctlpn. For example, a near 'equn(alenceloﬂM' was mixed with solutions of 10), 25 @), 50 (), 100

betweerk, andk.y indicates thak, < k-, + ks, which will (m), 200 (»), and 300 &) «M NADH (concentrations after mixing).

be the case ik; > ko. Stopped-flow reaction traces, monitored at 450 nm, were fit to two
Reduction of Enzyme by NADHMhe reductive-half reac- exponential phases. Inset to panel A: dependence of the observed

. - T rate constant for reduction (slow phase) on NADH concentration.
tion with NADH was studied in a stopped-flow spectropho- The data were fit to an hyperbolic equation (eq 4) which yielded

tometer u'nder anaerobic conditions by mixing oxidiz.ed an apparenKg of 32 + 5 uM for NADH and a maximum rate
enzyme with various concentrations of NADH. The reduction constant K;) of 55 + 6 s (B). Charge-transfer interactions
of the enzyme-bound FAD was monitored at 450 nm and measured at 550 nm for the reaction of & enzyme with 25

the reaction traces were fit to two exponential phases (Figure (©): 50 @), 100 (J), 300 @), and 600 £) M NADH (concentra-
tions after mixing) are shown. Inset to panel B: dependence of the

2A). No initial lag in the reaction was observed. The (pserved rate constant for the slow phase at 550 nm on NADH
observed rate constant for reduction (slower phase) exhibitedconcentration. The data were fit to eq 4 which yielded a maximum

a hyperbolic dependence on the concentration of NADH rate constant of 52 3.3 s’%.
(inset to Figure 2A). A fit of the data to eq 4 yielded an
apparentky for NADH of 32 & 5 uM and a maximum  was less apparent because it was complete within the dead

NADH (uM)

[}

observed rate constant (net rate consighof 55 + 6 s time of the instrument. The observed rate constant for the
(Table 1). Similar results were obtained from two other sets slow phase at 550 nm showed a hyperbolic dependence on
of experiments. the concentration of NADH (inset to Figure 2B). Upon fitting

At 550 or 650 nm, transient long wavelength charge- the data to eq 4, the maximum observed rate constant was
transfer absorbance was observed during the course of52+ 3.3 s corresponding to the rate constant obtained for
reduction. Figure 2B shows the stopped-flow traces at 550 enzyme reduction at 450 nm. Taken together, the data at
nm obtained from the reaction of 50M enzyme with 25- 450 and 550 nm are consistent with rapid formation of an
6004M NADH (after mixing). At NADH concentrations of  Eox-NADH charge-transfer complex followed by its decay,
25—-100uM, the traces were clearly biphasic, with a rapid concomitant with reduction of the enzym81j. The fast
increase in absorbance followed by a slower decrease. Atexponential phase observed at 450 nm is probably due to
NADH concentrations of 300 and 6QM, the fast phase  the small decrease at 450 nm that accompanies the formation
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Table 1: Rapid-Reaction Kinetic Constaiits Table 2: Steady-State Kinetic Constafits
reductive half-reaction with NADH NADH-menadione oxidoreductase assay
Kk, (s9) 55+ 6 Keat (S71) 55+ 8.3
Kq for NADH (uM) 32+5 Km for NADH (M) 66 + 16
o . . . Ki for NADH (uM) 12+5
oxidative half-reaction with menadione ! )
K (M~1sY) 1.0x 10 + 0.3 % 107 Km for menadioneyM) 4+1
at 140uM (s7%) (calcd) 1400+ 500 NADH-CH,-Hsfolate oxidoreductase assay
o I keat (579 104+ 1
ox@atl\f half-reaction with CHH.folate 1034 10 Ko for NADH (M) 2044
kKS(fSor)CH “Hafolate (M) 11+1 Ki for NADH (xM) 5+2
d 2 Kum for CHp-Hafolate (M) 0.5+0.1
reductive half-reaction with CHH folate K; for CH-Hfolate (M) 320+ 25
Keg(s) 25£05 CHs-Hsfolate-menadione oxidoreductase assay
- c -Ha -
Kq for CHs-Hafolate (M) nd Kewt (5°1) 32404
a Rate constants were determined at°Z5in 50 mM potassium Km for CHs—H.folate («M) 85+9

phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.
bValues of rate constants were the average of two or three determina-
tions. Definition of rate constants are given in Scheme Not
determined.

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 determinations.

of the ExNADH charge-transfer complex, as seen for AR AR AL

p-hydroxybenzoate hydroxylas84). The transient absorb- 30 b . .
ance observed at 550 nm probably does not representan E - ]
NADT* charge-transfer complex; such a complex was not :
observed directly at 550 or 650 nm when photoreduced
enzyme (10uM) was reacted with solutions of up to 600
uM concentration NAD (concentrations after mixing) in the
stopped-flow instrument (data not shown). ; ]
Reoxidation of Reduced Enzyme by MenadioAs. 5 F .
mentioned previously, MTHFR catalyzes the transfer of N P E
reducing equivalents from reduced bound FAD to menadi- 0 50 100 150 200 250 300
one, an artificial electron acceptor. This half-reaction, utilized NADH (uM)
in both the NADH-menadione (Scheme 1B) and £H  Fure 3: Enzyme activity in the NADH-menadione oxidoreduc-
H.folate-menadione (Scheme 1C) assays, was examined irtase assay. The assay was carried out aerobically in the presence
a Stopped_ﬂow apparatus_ Reduced enzyme was prepared b f the indicated concentrations of NADH and W menadione.

; ; P ; he reactions were initiated by the addition of enzyme to a final
photoreducing anaerobic, oxidized enzyme in the presence. . iation of 16.7 nM. The dependence mEr on the

of EDTA and 5-deazaflavinZg). The reoxidation of photo-  ¢gncentration of NADH is shown. Inhibition is evident at NADH
reduced enzyme by menadione was monitored at pH 7.2 andconcentrations above 10®4. The data were fit to a single substrate
25°C by measuring the increase in flavin absorbance at 450inhibition equation (eq 6), which yieldedK, for NADH of 66
nm (data not shown). When %@V reduced enzyme was & 164M, aKi for NADH of 12 & 5 uM, and ake; of 55+ 8.3
mixed with solutions of menadione at concentrations ranging
from 50 to 335uM (after mixing), the enzyme was the NADH concentration was kept constant at 129
completely oxidized within the 3 ms dead time of the NADH (data not shown). Saturation was observed at
stopped-flow instrument. Only at menadione concentrations approximately 5:M menadione and a fit of the data to the
of less than 5QuM, could reoxidation of the enzyme be Michaelis—Menten equation (eq 5) gave<a, for menadione
observed. From these data,awproximatesecond-order rate  of 4 &+ 1 uM (Table 2) and a maximum turnover number of
constantk; in Scheme 2) of 1.6« 10’ + 0.3 x 10’ M 1st 50+ 5 s % The lowKn, value for menadione simply reflects
was estimated (Table 1). At a menadione concentration of the fact that the menadione half-reaction is not rate limiting
140 uM, therefore, the pseudo-first-order rate constant for when menadione concentrations are high, and reminds us
the enzyme reoxidation would be 1468 500 s*. For thatK,, values are often nd{y values. Using this assay, the
comparison, in the stopped-flow apparatus, the observedNADH concentration was also varied from 10 to 30@ in
pseudo-first-order rate constant for oxidation of enzyme by the presence of 140M menadione (Figure 3). At NADH
oxygen-saturated buffer was approximately 0.06 (glata concentrations greater than 2001, excess substrate inhibi-
not shown). Thus, reoxidation of enzyme by menadione tion was observed, as is characteristic of enzymes that follow
occurs more than 20,000-fold faster than reoxidation by air. ping-pong kinetic mechanism83). To correct the kinetic
NADH-Menadione Oxidoreductase Assdajhe NADH- constants for the excess substrate inhibition, the data in
menadione oxidoreductase steady-state reaction consists ofigure 3 were fit to eq 6 for single substrate inhibition in a
the two half-reactions described above: a reductive half- ping-pong Bi-Bi system using Kaleidagraph. Employing 140
reaction, in which the flavin is reduced by NADH, and an uM as the concentration of menadione (B) andM as the
oxidative half-reaction, in which the reduced flavin is Kyg for menadione, th&,a for NADH (A) was calculated
reoxidized by menadione (diagrammed in Scheme 1B). Theto be 66+ 16 uM, Kix for NADH was 12+ 5 uM, and the
assay was carried out aerobically under steady-state condiinaximum turnover numbekd,) was 55+ 8.3 st (Table
tions varying first menadione and then NADH. The mena- 2). This observed steady-state turnover number for the
dione concentration was varied from 5 to 14M, while NADH-menadione oxidoreductase reaction is in good agree-
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Ficure 4: Reoxidation of reduced enzyme by &H.folate. FiGURE 5: Measurement of turnover in the NADH-GHtisfolate

Photoreduced enzyme (M) was mixed with solutions of 10  oxidoreductase assay. In a stopped-flow spectrophotometer, anaero-
(©), 25 (@), 50 (O), 100 @), 200 (»), and 300 &) uM bic enzyme (1.2%M) was mixed with a solution containing 200
CHz-H,folate (concentrations after mixing). Stopped-flow reaction ;M CH,-Hfolate and 2.5-300 uM NADH (concentrations after
traces were monitored at 450 nm. The reaction was biphasic. Themixing). The initial velocity, measured as the rate of oxidation of
fast and slow phases accounted for 25 and 75%, respectively, ofNADH at 340 nm, is plotted against the NADH concentration.
the observed absorbance changes. Inset: Dependence of thginset) Plot of initial velocity vs ChtHfolate concentration.

observed rate constant for the slow phase on.-BHolate Enzyme (1.25«M) was mixed with solutions containing 1M
concentration. The data were fit to eq 4 which yielded an apparent NADH and 2-1000uM CH.-Hjfolate (concentrations after mix-
Kgof 11 £ 1 uM for CHp-Hafolate and &g of 10.3+ 1.0 s, ing). Marked inhibition by substrate is evident for both NADH and

CH,-H folate substrates. Using eq 7, the solid-line fits to the data
ment with the expected value for the turnover number that were determined, yielding the following kinetic parametels;a
can be calculated from the maximum first-order rate con- for NA?"l' of 2? + 4 uM, Kia for ’;‘ADH of 5fj|: Zﬂl\f, Kmg for
stants of the two half-reactions at saturating menadione Gz Hafolate of 0.54 0.1uM, Kig for CHy-Hafolate of 320+ 25

: . - . . uM, and ke 0f 10.4+ 1.0 sL.
(Figure 2, Table 1), assuming a ping-pong-Bii mechanism

(34). were determined to be 1+ 1 uM and 10.3+ 1.0 s},
» respectively (Table 1). The smaller, faster phase of the
S A (55.0)(1400) st=53s' (10) reaction accounted for 25% of the total absorbance change,

Er Ktk (55.0+ 1400) demonstrated a hyperbolic dependence on,-BHolate

concentration, and a maximum observed rate constant of 34

Our analysis demonstrates that the reductive half-reaction+ 3 s* was calculated. The origin of this fast phase is not
with NADH (k) is rate limiting in the NADH-menadione  known; it might be attributed to the rapid formation of a
oxidoreductase reaction. Furthermore, the agreement ofreduced enzyme-CHH folate charge-transfer complex prior
calculated and observed turnover numbers suggests that théo enzyme reoxidation. In an attempt to observe such a
enzyme-catalyzed reaction follows a ping-pong kinetic complex, the oxidative half-reaction with GHisfolate was
pattern and that product release ih Scheme 2) is at least  investigated at wavelengths 300, 500, and 550 nm in addition
10-fold faster than the rate of enzyme reductiés),(i.e., to 450 nm. No changes in absorbance were detected at 300
that the chemistry of reduction is rate limiting. The stopped- and 550 nm, although enzyme-gH,folate charge-transfer
flow kinetics of the reductive half-reaction also support a complexes would be expected to absorb at 550 nm. At 500
mechanism where enzyme reduction is followed by fast nm, the traces were fit to two exponential phases and yielded
release of the NAD product. Thus, steady-state studies ofrate constants similar to those obtained from the 450 nm
the NADH-menadione oxidoreductase reaction can be usedtraces (data not shown).
to probe directly the chemical events associated with the NADH-CH,-Hsfolate Oxidoreductase Assayhe physi-
NADH-linked reductive half-reaction. ological steady-state reaction is diagrammed in Scheme 1A.

Reoxidation of Reduced Enzyme by ,&tfolate. The Because of the susceptibility of GHH folate to oxidation,
reoxidation of photoreduced enzyme by £Hufolate was a steady-state analysis of the physiological reaction was
monitored by measuring the increase in flavin absorbancecarried out under anaerobic conditions in a stopped-flow
at 450 nm in a stopped-flow spectrophotometer. Spectra takerspectrophotometer. Enzyme (1.281 after mixing) was
after each shot indicated that full reoxidation had been mixed with an equal volume of a solution containing both
achieved at CkrH folate concentrations after mixing of 50 NADH and CH-Hfolate. Figure 5 shows how the initial
300 uM, but not at 10 and 2xM (data not shown). This  rate of NADH oxidation at 340 nm depends on NADH
difficulty in achieving full reoxidation at the lower substrate concentration over the range of 2300 uM when CH-
concentrations reflects the fact that the reaction proceeds toHfolate was kept constant at a saturating concentration of
equilibrium rather than to completion under these conditions. 200uM (concentrations after mixing). The inset to Figure 5
A representative experiment is shown in Figure 4. The shows data from an experiment in which €H,folate was
reaction traces were best fit to two exponential phases. Thevaried from 2 to 100Q«M at an NADH concentration of
slow phase, accounting for 75% of the total absorbance 100uM. Marked inhibition was seen at high concentrations
change, showed a hyperbolic dependence on the concentraef each substrate. Thus, the kinetic constants were determined
tion of CHy-Hsfolate (inset to Figure 4). Applying the data by fitting the data to eq 7 by successive iterations using the
to eq 4, the appareidy for CH,-Hfolate and the maximum  program Kaleidagraphi{ma for NADH (A) was calculated
observed rate constant for reoxidation (net rate congiant  to be 20+ 4 uM, Kija for NADH (A) was 5+ 2 uM, Kng
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for CHy-Hjfolate (B) was 0.5+ 0.1 uM, andKig for CHy- for the MTHFR enzyme. We have also determined the
Hjfolate was 320+ 25 uM (Table 2). The maximum  enzyme midpoint potential by titration of oxidized enzyme
turnover numberl(,) for the wild-type enzyme was deter- with CHz-Hfolate under anaerobic conditions and analyses
mined to be 10.4- 1.0 s This number is in agreement of oxidized and reduced enzyme and folate concentrations
with the theoretical turnover number that can be calculated using the Nernst equation as described previolgdy. (This
from the maximum observed rate constants of the two half- method yielded an enzyme midpoint potentiaket23 mV
reactions (Table 1), assuming a ping-pong Bi mechanism (data not shown), 14 mV less negative than that determined
(34). using the redox dye procedure. A plausible explanation for
this difference is tighter binding of CHHjfolate to the
v koks ,_ (55.0)(10.3) , 1 rgduced'enzym'e compared to the oxidizgd enzyme. This
E——ms _(55T103)S =87s" (11) differential binding would force the equilibrium of the
T 2 . . . . .
reaction to the right and make the enzyme reduction appear
more favorable. Significantly, measurement of the porcine
MTHFR midpoint potential using the titration method also
yielded—223 mV (12), indicating that the redox properties
of the bacterial and mammalian enzymes are quite similar.
In stopped-flow kinetic studies of the individual half-
) . reactions catalyzed by. coli MTHFR, we have shown that
Re_ductlon of En_zyme by Gitflfolate. As mentlon_ed ... in all cases the half-reactions occur at rates sufficiently rapid
previously, the reaction qf enzyme-b_ound_ reduged ﬂawr_\ with to account for overall turnover (Table 1). Our analyses have
CH,-Hfolate occurring in the physiological direction is a demonstrated that the reduction of MTHFR by NADH

revler?ibll_%hglf—rzazcéicon _f_frr]ee ;aner%)]/ changi:j_e—df.fZ k%"’.‘l/ q proceeds in the absence of folate derivatives and that the
mofatpH 7.2 an )- Therefore, the reaction of oxidize reoxidation of reduced MTHFR by GHH,folate or the

ﬁnzyme Wit? Clz;;wfct)late could bf_et (t)bserved ri]n a stopped- reduction of oxidized MTHFR by CHfolate proceeds in
t'O\IN apparadust. et rﬁces WeTeld'_ 0 monopnhasic egponeg-the absence of bound NADH. These results are consistent
lal curves (data not shown), ylelding a maximum observe with a ping-pong BiBi kinetic mechanism for the enzyme.

rate Cf nstant for_reducuon (net rate consteny) of 2.5+ Direct spectrophotometric titrations Bf coli MTHFR with

0.5 5% at saturating C_t;#H4foIa_te (Table 1). substrate (data not shown), as well as structural data revealing
CHs-Hjfolate-Menadione Oxidoreductase Assiige CH- single groove on the enzyme for the alternate binding of

H,folate-menadione oxidoreductase reaction is shown in NADH or folate substrateg), are also consistent with this

Sche_me 1C. The steady-state.assay was performed aerObIr'nechanism, as are X-ray structures of the enzyme with bound

cally in the presence of saturating menadione (1K) and analogues of each substrate (Martha Ludwig, personal

varying concentrations of GiH,folate. The data were fit  .mmunication). Furthermore, the excess substrate inhibition
to eq 5 and yielded &, for CHs-Hfolate of 86? 2uM patterns observed in both the NADH-menadione (Figure 3)
and a maximum turnover number of 3220.4 s* (Table 5,4 NADH-CH-H,folate (Figure 5) oxidoreductase assays

. dire consistent with ping-pong BBi kinetics. In steady-state
value of 2.5 st calculated from the maximum observed rate and rapid reaction studies on porcine MTHFR, the same
constants of the two half-reactions (Table 1). Our results inatic mechanism was determinetB], suggestindthat the

indicate that reduction of enzyme by GH,folate is rate 5 terjal and mammalian enzymes are indeed quite similar
limiting in the CH;-H,folate-menadione oxidoreductase reac- i, i catalytic properties. This is an important similarity

tion. The S|$,|Iar|ty bethe_rkcathmeasure% If? steady-state iy gpport of our making use of the. coli enzyme as a
turnover andk_s measured in the stopped-flow Instrument 4| for the less available mammalian enzyme.

suggests that the chemistry of reduction is rate limiting and We have shown thdt. coliMTHFR is reduced by NADH
that the product release is at least 10-fold faster than thewith a maximum observed rate constai)(of 55 s

rate .Of enzyme red_uction. The _monopha_sic sto_pped-ﬂ(_)w (Figure 2A) and the reduced enzyme is reoxidized by-CH
kinetics of the reductive half-reaction is again consistent with Hifolate with a maximum rate constark. of 10.3 s?
a mechanism in which rate-limiting enzyme reduction is (Figure 4). After correction for inhibition by NADH and by
followed by fast release of the GhH.folate product. CH,-Hsfolate, the observed rate of turnover in the NADH-
DISCUSSION CHy-H,folate oxidoreductase reaction is 10:4 §Table 2),
which is in reasonable agreement with the value predicted
We have determined the midpoint potential for the from the maximum rate constants of the two half-reactions
enzyme-bound FAD oE. coli MTHFR to be—237 mV at (8.7 s1). These results indicate also that reoxidation of the
pH 7.2 and 25°C. For comparison, FAD free in solution flavin by CH,-Hsfolate is the rate-limiting half-reaction in
has aEqn7 of —219 mV (15) and theE, at pH 7.2 is calculated ~ the physiological reaction. Again, similar results were
to be —231 mV. This 6 mV decrease in the midpoint obtained with the porcine enzym&3). These findings are
potential for the MTHFR-bound FAD suggests that the not in agreement with those from our earlier pap@rif
enzyme environment surrounding the FAD slightly disfavors which a maximum turnover number of 30'swvas reported
its reduction and this notion is supported by site-directed and the reductive half-reaction was deemed rate limiting. In
mutagenesis studies of aspartate and glutamate active sit¢he earlier work, however, because of issues of enzyme
residues reported in the following paper in this iss88).( stability, the physiological reaction was carried out at a higher
Here, we employed a redox dye method developed by enzyme concentration (LM after mixing) compared to the
Massey 18) to measure the-237 mV midpoint potential present analysis (1.28M after mixing) so that a true steady-

Our analysis has demonstrated that of the two half-reactions
constituting the physiological reaction, the oxidative half-
reaction involving CH-Hjfolate is more rate limiting in
overall turnover than the reductive half-reaction involving
NADH (see Scheme 2).
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state rate of 10.4- 1 s was not achieved. Thus, we believe kinetics. The first involves formation of a spectrally distinct
that the rates of NADH oxidation reported in our earlier paper intermediate from the &rCHy-Hfolate Michaelis complex
were measured during the approach to steady-state ratheprior to hydride transfer. A plausible intermediate in our
than during the steady-state stage of the reaction and,reaction would be a charge-transfer complex between the
therefore, were overestimated. In the present work, thereduced flavin and the oxidized substrate. Such complexes
stability of the enzyme was extensively tested using the typically have broad low intensity absorbance between 500
NADH-menadione and CiH folate-menadione oxidoreduc- and 800 nm and absorbance typical of reduced flavin between
tase assays; 2,6M enzyme was found to have the same 350 and 500 nm. For example, Beaty and Ballou have shown
activity at room temperature over a period of 6 h, conditions such a species with the flavin monooxygenase from pig liver
analogous to those employed during the physiological (37). However, as noted in results, we could not detect any
oxidoreductase experiments (data not shown). such intermediate.

After correction for inhibition by NADH, the observed The second possibility is that an equilibrium is established
rate of turnover in the NADH-menadione oxidoreductase between ks CH,-Hjfolate and By CHs-Hsfolate prior to the
reaction is 55 s! (Table 2). This value is in excellent rate-limiting release of CkHH,folate. In this case the apparent
agreement with the predicted value for turnover in this rate constant for the fast phase would corresponkk té¢r
reaction (53 s'), calculated from the observed first-order ks (rate constants in Scheme 2) and that for the slow phase
rate constants for flavin reduction by NADH (55 and would beks. During NADH-CH,-H.folate oxidoreductase
for flavin reoxidation by 14@:M menadione (140078). The turnover, the net rate constant for reduction of the flavin by
NADH-linked reductive half-reaction is, therefore, nearly NADH (55 s%) is much greater thak., (10 s'%), indicating
fully rate limiting in this oxidoreduction. We have also that the oxidative half reaction is rate limiting in turnover.
demonstrated that reduction of flavin by @Hfolate is Moreover, the net rate constaids] for the slow phase of
nearly fully rate limiting in the CHHfolate-menadione  the oxidative half reaction is the samel@s. The observed
oxidoreductase reaction. Taken together, these results indicateate constants for the oxidative half reaction and for overall
that steady-state kinetic studies of the NADH-menadione andcatalysis are given by equations 12 and 13.

CHs-Hfolate-menadione oxidoreductase assays can be used keks

to investigate events associated with flavin reduction by Kg=—7-"— (12)
NADH and with flavin reduction by CktHfolate, respec- (k_s 1 ko)

tively. Moreover, based on our measured rate constant for

the reaction of oxygen with reduced MTHFR (0.06)s _ ksKs 13
compared to that for menadione (1400%s it is very Keat = (ks + kg + ky) (13)

reasonable to carry out assays with menadione aerobically. ) o

When E. coli MTHFR is reacted with NADH in the  These relationships imply th&t < k-s + ks. Because the
stopped-flow spectrophotometer, reaction traces observed afast phase equilibrium accounts fed 7% of the amplitude,
550-650 nm are biphasic, indicating formation and decay 5K ~ k-s. The maximum observed rate constant for this first
of a charge-transfer complex (Figure 2). Taken together, our Phase is 348, so thatks ~ 6 s, which is less than the
results are consistent with the rapid formation of an oxidized Observed rate constant for the oxidative half reaction. Thus
enzyme-NADH charge-transfer complex followed by its it is unlikely thgt a p_reequm_brlum model can account for
decay, concomitant with reduction of the flavin. Our stopped- the observed biphasic reactions.
flow measurements dé, which are in agreement with the ~ he two simple explanations above are not adequate to
ket Measurements during steady-state turnover of the NADH- explain thgse data. Alternate pos_S|b|I|t|es such as negative
menadione oxidoreductase reaction, demonstrate that inCOOPerativity between the subunits of the homotetrameric
Scheme 2K, < k; i.e., the reductive half-reaction is rate €nzyme could underlle_ our observa_tlons. It is known that
limiting in overall turnover. The kinetic expressions fdy t_he enzyme can dissociate to forr_n dimers at low concentra-
and ke are shown above in egs 8 and 9, respectively. The tions @). However, further experiments will be necessary
agreement betwedd andke. suggests that in the reductive {0 test such a proposal. . o _
half-reactionks > k,, i.e., NAD* product release is at least In this paper, we have charactenzgd the kinetic mecha_mlsm
10-fold faster than flavin reduction. Rate-limiting enzyme ©f E. coli MTHFR. We have established that observations
reduction followed by fast product release is also consistentderived from study of the individual half-reactions are
with the observed kinetics in the stopped-flow instrument. relevant to the overall oxidoreductase reactions catalyzed by
A similar analysis applies to the reduction of MTHFR by the enzyme and that they, therefore, can be used to reach
CHg-H.folate in the CH-H,folate-menadione oxidoreductase conclusions about the enzyme mechanism. Moreover, we
reaction. The reduction of flavin by GHH.folate is rate ~ have shown that thé. colienzyme follows a ping-pong Bi
limiting in the assay. The monophasic kinetics observed in Bi kinetic mechanism very similar to that of the porcine
the stopped-flow apparatus for the reductive half-reaction €NZyme, demonstrating that it is a good model for the
and the similar calculated and measureg values are ~ Mammalian enzyme. In the following paper, we probe the
consistent with a mechanism whereby enzyme reduction isole of specific amino acid residues in the chemical mech-
followed by fast release of the GHH.folate product. anism of E. coli MTHFR by examining the properties of

In the stopped-flow instrument, oxidation of reduced WO mutant enzymes.
enzyme by ChHHjfolate was biphasic at 450 nm and both ACKNOWLEDGMENT
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