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ABSTRACT. Escherichia colimethylenetetrahydrofolate reductase (MTHFR) catalyzes the NADH-linked
reduction of 5,10-methylenetetrahydrofolate (EHthfolate) to 5-methyltetrahydrofolate (GHHifolate)

using flavin adenine dinucleotide (FAD) as cofactor. MTHFR is unusual among flavin oxidoreductases
because it contains a conserved, negatively rather than positively charged amino acid (aspartate 120) near
the N1-C2=0 position of the flavin. At this location, Asp 120 is expected to influence the redox properties

of the enzyme-bound FAD. Modeling of the @ folate product into the enzyme active site suggests

that Asp 120 may also play crucial roles in folate binding and catalysis. We have replaced Asp 120 with
Asn, Ser, Ala, Val, and Lys and have characterized the mutant enzymes. Consistent with a loss of negative
charge near the flavin, the midpoint potentials of the mutants increased from 17 to 30 mV. A small
kinetic effect on the NADH reductive half-reaction was also observed as the mutants exhibited a 1.2
1.5-fold faster reduction rate than the wild-type enzyme. Catalytic efficiekgyK) in the CH-Hs-

folate oxidative half-reaction was decreased significantly (up to 70000-fold) and in a manner generally
consistent with the negative charge density of position 120, supporting a major role for Asp 120 in
electrostatic stabilization of the putative 5-iminium cation intermediate during catalysis. Asp 120 is also
intimately involved in folate binding as increases in the appalkgraf up to 15-fold were obtained for

the mutants. Examining thedg+ CH,-Hfolate reaction at 4C, we obtained, for the first time, evidence

for the rapid formation of a reduced enzysfelate complex with wild-type MTHFR. The more active
Aspl120Ala mutant, but not the severely impaired Asp120Lys mutant, demonstrated the species, suggesting
a connection between the extent of complex formation and catalytic efficiency.

The flavoprotein methylenetetrahydrofolate reductase We study MTHFR fromEscherichia colias a model for
(MTHFR)! catalyzes the reduction of 5,10-methylenetetra- the catalytic domain of the human enzyme. Sequence
hydrofolate (CH-Hfolate) to 5-methyltetrahydrofolate (GH identities are 30% within the catalytic domains ©f coli,

Hfolate), as shown in eq 1. human, and pig MTHFRs, and the chemical mechanisms of
these enzymes are quite simil&@; @) (K. Yamada, D. P.
CH,-H,folate+ NAD(P)H + H" < Ballou, and R. G. Matthews, unpublished results). The X-ray

structure ofE. coli MTHFR is available §); the enzyme is
an agfs barrel that binds FAD with itsi face exposed for
reactions with substrates. Consistent with the structure are
kinetic and stereochemical studies of thecoliand pig liver
enzymes. MTHFR employs a ping-pong bi-bi kinetic mech-
anism @, 4, 6), in which the enzyme-bound FAD is reduced
by NADH in the reductive half-reaction (shown in eq 2) and
the reduced FAD is oxidized by GHH,folate in the oxidative
half-reaction (shown in eq 3) at rates consistent with overall
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CH,-H,folate+ NAD(P)" (1)

The product ChHHjolate is the methyl donor in the
conversion of homocysteine to methionine; mutations in
MTHFR cause elevated levels of homocysteine, an estab-
lished risk factor for cardiovascular disease (reviewed in ref
1) and for neural-tube defect®)(
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E—FAD,, + NAD(P)H < E-FAD, ., + NAD(P)" (2)
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Stereochemically, the reductive half-reaction occurs by |, P
transfer of thepro-4S hydrogen of NAD(P)H as a hydride e NN
to the N5 atom at thsi face of the FAD ¢, 8). The NAD- o 2e+2H"

(P)" product is then released from the active site. In the
oxidative half-reaction (Scheme 1), GHfolate binds to

C. R T
HsC r‘w N o
the enzyme on thei face of the FAD §). It is proposed j@: j;;]/
that, just prior to or in concert with reduction of G- HAC N N
LT

folate, acid-catalyzed opening of the five-membered imida-

zolidine ring gengrates a S-iminium cation intermediate. Ficure 1: Possible structures of oxidized and reduced flavin. (A)
Transfer of a hydride from N5 of the reduced FAD to the Oxidized flavin. (B) Reduced anionic hydroquinone. The negative
exocyclic methylene (C11) then produces &ihifolate @). charge resides at the NL2=0 position. (C) Reduced neutral
hydroquinone, where N1 is protonated. [TH&@f N1 in solution

is 6.7 69).] R refers to ribityl phosphate (FMN) or to ribityl

Scheme 1: Proposed Mechanism for the Oxidative adenylate (FAD),

Half-Reaction

o . " ) .
HN - HzN%NH iwn—{ HQN%NH re.dox'chemlstry. as a positive charg.e. Q) onygrmg the
N}Z‘ﬁo N =0 o N+ N o midpoint potential and (2) preferentially stabilizing the
me e | o RRom N Ner | w NecHe neutral flavin hydroquinone (Figure 1C) to prevent unfavor-
\’:ﬁbgm = N \:ﬁ E-FADo able electrostatic repulsion. We have constructed the fol-

H Jr AR o lowing MTHFR variants: Asp120Asn, Asp120Ser, Asp-
CHy-Hgfolate _5.iminiuchaﬁon E-FADH; g | CHg-Hafolate 120Ala, Aspl20Val, and Asp120Lys. We hypothesize that

as the negative charge density of the-NI2=0 moiety
) decreases, (1) the midpoint potentials of the mutant enzymes
_ The structure ofE. coli MTHFR (5) has revealed an i increase, making reduction more facile, and (2) the
invariant aspartic acid residue (Asp 120) within 3.8 A of ,iqnic hydroquinone will be increasingly stabilized at
the N1-C2=0 position of the flavin isoalloxazine ring. It ha\,tra| pH. Consistent with hypothesis 1, we have shown,
Asp 120 is ionized as the carboxylatekgp~ 4), it would in a previous study, that the neutral Asp120Asn enzyme has

be, to our knowledge, the first case of a negative charge at_ iy idooint potential than the wild-t e
the N1-C2=0 position in the class of flavoproteins that a higher micpoint poten |a_ anthew i ype enzyré)(
In the proposed mechanism of reduction of £iHfolate

perform dehydrogenation reactions. In the other enzymes in ;
this class, the “N+C2=0 moiety” is a positively charged by MTHFR, the N10 atom of the substrate is protonated to

amino acid (Arg, Lys, or His) or a positive helix dipolg)( allow for o_pening qf _the imid.azollidine ring and ge.neration
Three roles for the predominant positive charge at this of a reactive 5-iminium cation intermediate, which then
location have been suggested by previous studies (reviewed/ndergoes reduction by hydride transfer (Scheme 1). Al-
in ref 9). First, by lowering the negative charge density near though the existence of a 5-iminium cation has not been
the flavin, a positive charge would elevate the midpoint demonstrated directly in MTHFR, the intermediate is a
potential of the bound flavin, making reduction more réasonable first step in activation of the £Hufolate for
thermodynamically favorable. Consistent with this proposal, Nydride transfer. A similar mechanism of GHfolate
a Lys266Met mutation in lactate monooxygenase lowered activation has been proposed in thymidylate synthasg (
the two-electron midpoint potential by 31 m¥@). Second,  20), where a 5-OHChtH.folate species, the product of the
a positive charge at the NIC2=0 position would likely reaction of a 5-iminium cation with water, has been directly
stabilize preferentially the anionic flavin hydroquinone observed by X-ray crystallograph21).
(Figure 1B) rather than the neutral hydroquinone (Figure 1C)  Modeling of the CH-H,folate product into the active site
upon reduction. Supporting this view & NMR experi- of E. coli MTHFR (Figure 2) has identified Asp 120 as a
ments (1-13) and studies examining the stabilization of residue potentially involved in folate binding and catalysis
anionic flavin analoguedl ). Third, the isolation of inactive,  (18). In our model, the pterin ring of CiHfolate is stacked
N1-C2=0 mutant enzymes devoid of flavin in dihydro- against thesi face of the FAD and the C11 methyl group is
orotate dehydrogenase A (Lys164Alapfand in trimethyl-  sjtuated near N5 of the FAD, a prerequisite for hydride
amine dehydrogenase (Arg222Ly4)| suggests a role for  transfer. Two invariant active site residues, Asp 120 and GIn
a positively charged protein moiety in coenzyme binding. 183, form hydrogen bonds with pterin ring atoms. The recent
Several studies, however, have been plagued by problemsjetermination of the structure of an enzyn@Hs-Hfolate
of enzyme inactivity {5-17), insolubility, and, perhaps, complex has confirmed the elements of this model (R.
I’thSpeCifiC structural Changes in the flavin envil’onmﬂ!ﬁ).( Pejchal and M. L. LudW|g, persona' Communication)_ On
E. coliMTHFR presents an opportunity to study how the the basis of the structure, two roles for Asp 120 in the
unusual, negatively charged Asp 120 at the-\CP=0O mechanism oE. coliMTHFR can be envisioned. First, the
position modulates the redox properties of the enzyme-boundcarboxylate of Asp 120 may aid folate binding through
FAD. Asp 120 should have the opposite effects on the flavin bidentate hydrogen bonding interactions with the N3 and
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catalysis, and a minor role in redox modulation. Moreover,
by carrying out the rapid-reaction studies at a lower tem-
perature (4C) than in our previous work (25C) (4, 18),

we have demonstrated the formation of pre-steady-state
enzyme-folate complexes for the first time and examined
their relevance to catalysis.

EXPERIMENTAL PROCEDURES

Materials. NADH, FAD, anthraquinone 2,6-disulfonate,
benzyl viologen, xanthine, xanthine oxidase, and protocat-
echuate (3,4-dihydroxybenzoate) were purchased from Sigma-
Aldrich; protocatechuate was recrystallized before being
used. Formaldehyde was obtained from Fishe)-tiFolate
(sodium salt) was a gift from Merck Eprova AG (Schaff-
hausen, Switzerland). V. Massey provided 3,10-dimethyl-

Glu 28 5-deazaisoalloxazine. Protocatechuate dioxygenase (PCD)
f" was purified fromPseudomonas cepaci@aB01 (34). The
Econo-Pac DG-10 columns were purchased from Bio-Rad.
FiGURE 2: Model of CH-H,folate bound in the active site @. Restriction enzymes were purchased from Promega, Vent

coli methylenetetrahydrofolate reductase. ThesEtfolate product DNA polymerase and T4 DNA ligase from New England

was generated from 5-formyltetrahydrofolate (folinic acié)(by .
removal of the oxygen of the formyl group and repositioning of BioLabs, and XL1-Blue competent cells from Stratagene.

the pABA ring by rotation of the C6C9, C9-N10, and N16- The ADE3 lysogenization kit was obtained from Novagen
pABA bonds. Invariant residues aspartate 120, glutamate 28, and(Madison, WI). DNA primers were synthesized by Annovis

glutamine 183 of MTHFR are shown. (Aston, PA) or Sigma Genosys (St. Louis, MO).

2-amino groups of the pterin ring. Notably, hydrogen bonding Concentrations _of the follpwing sol_utions were dgtermined
between an aspartate and the pterin ring has also beer§_p_ectrophotometr|calIy using published extinction coef-
observed in thymidylate synthas20y, and in other folate-  NCIENtS: €qo = 6230 M cm™* for NADH (35), €207 =
dependent enzyme22—30), although not in serine hy- 32 000 Mt cm* (pH 7.2) for CH-Hufolate (36), andezos
droxymethyltransferase 3(—33). Second, Asp 120 in — 28400 M cm™ (pH 7.2) for Hfolate 36).
MTHFR may provide electrostatic stabilization to the puta- ~ Methods. All experiments were conducted in 50 mM
tive 5-iminium cation folate intermediate. Although thé;p ~ Potassium phosphate (pH 7.2 at 5) containing 0.3 mM
of the Asp 120 side chain is not known, the observed increaseEDTA and 10% glycerol (termed protein buffer) at 25 or 4
in midpoint potential for the Asp120Asn mutatior8j °C, as noted. UV+vis spectra were recorded with a Shimadzu
suggests that Asp 120 exists as the carboxylate anion andJV2401PC double-beam spectrophotometer or an Agilent
could stabilize a developing positive charge on a short-lived Technologies 8453 diode array spectrophotometer.
5-iminium cation. Construction of Asp120 Mutant Plasmid$e construction

To examine, in a comprehensive manner, the proposedof the Asp120Asn plasmid, designated pEET1.8, was de-
roles for Asp 120 in folate binding and catalysis, we have scribed previously ¥8). The Aspl20Ser, Aspl20Ala,
replaced Asp 120 with amino acids Asn, Ser, Ala, Val, and Aspl120Val, and Aspl20Lys mutant plasmids were con-
Lys. In previous work, we found that the apparent affinity structed using the same procedure, which employs a PCR-
of the Asp120Asn mutant for CGH,folate is decreased just based primer overlap extension methd®)( For each
2-fold at 25°C (18). This result suggests either that the mutation, the pCAS-30 plasmid, which is derived from pET-
asparagine retains hydrogen bonding interactions witk CH 23b (Novagen) and contains thie coli MTHFR coding
H.folate so that it does not impair binding or that Asp 120 sequence juxtaposed with a C-terminal six-histidine 8, (
is not involved in substrate binding. To distinguish between was used as the template for the first round of PCRs. Each
these proposals, we have prepared the Asp120Ser, -Ala, ananutation was created using a set of two primers, a primer
-Val mutants, enzymes with a predicted decrease in hydrogen2* (5'-CTTCCCGGCGGCAGXYZGCCACGCAGCGCC-
bonding potential compared to that of wild-type MTHFR. 3') where the 5XYZ-3' sequences were AGA, CGC, TAC,
A proposed catalytic role for Asp 120 has been supported and TTT for the Asp120Ser, Asp120Ala, Aspl20Val, and
by a 150-fold decrease in the rate of EH,folate reduction Aspl20Lys mutations, respectively, and a primer 3 (5
for the Asp120Asn mutant at 28 (18). If Asp 120 aids GGCGCTGCGTGGCPDQCTGCCGCCGGGAAG-@here
catalysis via electrostatic stabilization of the putative 5-imi- the 3-PDQ-3 sequences were TCT, GCG, GTA, and AAA,
nium cation, catalytic efficiency should decrease according respectively. For all the mutations, primer 1-{@ccacaacg-
to the negative charge density of the amino acid at position gtttcccttctagagtcg‘3and primer 4* (5GCTTAAAATCT-
120. TCACCATATCCATGGCAAT-3) were used to synthesize

In this paper, we report the results of investigations of the outside flanking regions of the gene. The asterisks denote
the redox, catalytic, and substrate binding properties of the sequences corresponding to the coding strand oEttwli
five MTHFR mutant enzymes: Aspl20Asn, Aspl120Ser, MTHFR gene. Sequences contained within the coding region
Aspl20Ala, Aspl20Val, and Asp120Lys. Our results estab- of the gene are in uppercase letters; those from noncoding
lish that the invariant Asp 120 is indeed a critical residue regions are in lowercase letters B4l restriction enzyme
for E. coli MTHFR, with major roles in folate binding and site was created by the Asp120Ala mutation, whilRsd
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site was created by the Aspl120Val mutation. A loss of a
Dpnl site occurred with each Asp 120 mutation. The

sequences of the mutant plasmids were verified by restriction

Trimmer et al.

FAD; the enzyme (a tetramer) contains one molecule of FAD
per 34 062 Da subunit3g).
Midpoint Potential DeterminationsThe midpoint poten-

enzyme analyses and by DNA sequencing performed bytials of the Asp 120 mutants were determined spectropho-
Sequetech (Mountain View, CA). The mutant plasmids were tometrically at pH 7.2 and 25C by using the xanthine/

designated as follows: plasmid pDRB4 contained the
Aspl20Ser mutation, pEETA3 contained the Asp120Ala
mutation, pEETV3 contained the Asp120Val mutation, and
pPEETKS5 contained the Asp120Lys mutation.

Expression and Purification of Wild-Type and Asp120
Mutant MTHFRsWild-type and Asp120Asn MTHFRs were
expressed and purified as described previousIyL8). The
desired strain for producing. colimutant MTHFR proteins
is E. coli strain AB1909 (etF arg lag (39). This strain
contains an uncharacterized mutation in EheoliMTHFR
(metH gene, which leads to inactivity of the enzyme and
methionine auxotrophy3@). Strain AB1909, however, has

xanthine oxidase reducing system with benzyl viologen as
the mediator 41). The reference redox dye used was
anthraquinone 2,6-disulfonate. Thg for the anthraquinone
2,6-disulfonate redox couple 5184 mV at pH 7.0 85),

and at pH 7.2, thé&,, is calculated to be-196 mV @2).

The experiments were performed as described previodkly (
with minor modifications. The 1.5 mL reaction solution
contained 20uM enzyme, 42uM anthraquinone 2,6-
disulfonate, 30Q«tM xanthine, 10uM benzyl viologen, and
50-60 nM xanthine oxidase in protein buffer. The time-
dependent anaerobic reduction of the enzyme and dye was
monitored with UV-vis absorbance spectra between 200 and

no source of T7 RNA polymerase, necessary to express the800 nm. Complete reduction of the system occurred4®
mutant MTHFR genes. The strain was, therefore, lysogenizedmin; turbidity due to precipitation of the enzyme occurred

with ADE3 phage, which carry the gene for T7 RNA
polymerase unddacUV5, to produce strain AB1909(DE3)-
7D. This was accomplished using thBE3 lysogenization
kit from Novagen and following the procedure provided.
For production of the mutant MTHFRs, strain AB1909-

with longer reduction times. Because of overlap between
absorbing species, the reduction of neither the dye nor the
enzyme could be monitored at a single wavelength. An
alternative analysis method, described previously for experi-
ments using the redox dye anthraquinone 1-sulfonk®g (

(DE3)7D was transformed with each of the mutant plasmids was employed. By this method, the concentrations of the

(pDRB4, pEETA3, pEETV3, and pEETKS5). Although poly-

oxidized and reduced enzyme or dye were calculated

merase production should be induced by IPTG in these separately from the absorbance at 386 and 474.5 nm from
transformed strains, no enhanced production of mutanteach spectrum, using the following extinction coefficients

MTHFR protein was observed upon addition of IPTG, and
IPTG was, therefore, not added to any of our cultures. A

(E, enzyme; D, dye; all in units of M cm™): at 386 nm,
Dox, 222; Deq, 7191; Ey, 10 858; Eeq, 3993; and at 474.5

similar phenomenon was described for the production of nm, Dy, 23; Deq, 1348; By, 11 802; Eeqg 305. The midpoint

wild-type MTHFR in strain BL21(DE3)38). Cells of each
freshly transformed, mutant MTHFR strain were inoculated
to an OQy of 0.015 in LB medium containing 10@g/mL
ampicillin and 10uM riboflavin. The cells were grown at
37 °C until they reached stationary phase - 5), after
approximately 12 h. The cells were pelleted, frozen in liquid
N, and stored at-80 °C prior to protein purification. Asp
120 mutant MTHFRs, each containing a C-terminal six-
histidine tag, were purified by nickel affinity chromatography
as described previously for the Asp120Asn mutatf),(

potential was determined using the method of Minne8}. (
Stopped-Flow MeasuremenBapid-reaction studies were

carried out in a Hi-Tech Scientific model SF-61 stopped-
flow spectrophotometer equipped with a tungsten or deute-
rium light source for single-wavelength detection or in a Hi-
Tech SF-61DX stopped-flow spectrophotometer in single-
mixing mode equipped for single-wavelength or diode array
detection. For anaerobic work, the instrument was flushed
with a 0.1 M potassium phosphate (pH 7) solution containing
~0.1 unit/mL protocatechuate dioxygenase (PCD) and 200

except that the purified protein was not concentrated prior uM protocatechuate (PCA, 3,4-dihydroxybenzoate) and al-

to buffer exchange. Typically, 10 mg of purified mutant

protein was obtained fro 1 L of cell culture.
Determination of Molar Extinction Coefficient§he Asp

120 mutant enzymes, diluted to approximately 8@ in

lowed to stand overnight4@). All measurements were
performed at £C in protein buffer (pH 7.2).

The experiments were performed as described previously
(4) with minor modifications. A solution of enzyme (20 or

protein buffer, were denatured to release bound FAD by the 100 «M) and PCD (0.1 unit/mL) was placed in a glass

addition of an equal volume of 7.5 M guanidine hydrochlo-
ride in 1 M Tris-HCI (pH 7.2). For each mutant enzyme,

tonometer, with PCA in the sidearm, and made anaerobic
by 10 cycles of alternate evacuation and equilibration with

the concentration of liberated FAD at 450 nm was determined oxygen-free argon while on ice. The PCA/PCD system was

as follows. Using the molar extinction coefficient at 450 nm
for FAD in agueous solution at neutral pH, 11 300'\m*

(40), the concentration of a solution of free FAD was
calculated; upon dilution with guanidine hydrochloride, the
molar extinction coefficient of free FAD increased to 11 600
M-t cm™L. Using a value of 11600 M cm! for the

extinction coefficient, the absorbance of liberated FAD at

to help maintain anaerobic condition&j. PCA (200uM,

final concentration) was then introduced from the sidearm.
To minimize formation of enzyme turbidity, a glass cup
surrounding and attached to the tonometer was filled with
ice and used to cool the enzyme solution during the course
of the experiment. When reduced enzyme was needed for
experiments, 10 mM EDTA and 2M 3,10-dimethyl-5-

450 nm for each mutant enzyme was converted to concentra-deazaisoalloxazine were also added to the enzyme solution.

tion. The molar extinction coefficient for each enzyme was
then calculated from thén.x absorbance of each native
protein solution. Throughout this paper, the MTHFR enzyme

Following the gas exchanges and introduction of PCA from
the sidearm, the enzyme was photoredudél ify exposure
to visible light from a Sun Gun (Smith Victor Corp., Griffith,

concentration is expressed as the molarity of enzyme-boundIN) while immersed in an ice bath. Control experiments
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indicated that the PCD/PCA oxygen-scavenging system haddetermine thé&m for NADH, the enzyme (1.2aM for the

no effect on the measured rate constants. wild type or 2.5uM for the Asp 120 mutant, after mixing)
For experiments involving the NADH substrate, solutions was mixed with an equal volume of a solution containing a
containing various concentrations of NADH and 208! saturating concentration of R-CH,-Hsfolate (50uM for

PCA were prepared in protein buffer and bubbled with the wild type or 30Q:M for the mutant) and concentrations
oxygen-free argon for 10 min. PCD~0.1 unit/mL, final of NADH varying from 10 to 30Q«M (concentrations after
concentration) was added just prior to use. For experimentsmixing). Similarly, to determine th&,s for CH,-Hsfolate,
involving the (R)-CHy-Hsfolate substrate, a stock solution enzyme (1.2%M for the wild type or 2.5M for the mutant,
(~9 mM) was prepared anaerobically. SolidS(4folate after mixing) was mixed with an equal volume of solution
was added to deaerated 50 mM potassium phosphate buffecontaining a saturating concentration of NADH (1081)

(pH 8.6) containing 10% glycerol and 0.3 mM EDTA. and concentrations of §-CH,-Hfolate varying from 10
Following several deoxygenation cycles, formaldehyde (5- to 600 «M (concentrations after mixing). All assays were
fold molar excess) was added. The solution was incubatedperformed in at least triplicate. Initial rates were calculated
at room temperature for 30 min to generat®)&H,-H;- from the decrease in NADH absorbance at 340 nm over time,
folate and then placed on ice. The stock solution was kept using an extinction coefficient of 6230 Mcm™! for NADH

on ice under a positive pressure of argon for the duration of (35). All assays were corrected for the initial rate observed

the experiment. Substrate solutions containir®){6Hx-Ha- when buffer in place of enzyme was mixed with the NABH
folate were prepared by adding various amounts of the stockCH,-Hsfolate solutions. The steady-state kinetic parameters
solution to deaerated protein buffer containing 200 PCA. for the mutant enzymes were determined by fitting the data

Formaldehyde was also added, as necessary, to bring the finalo the Michaelis-Menten equation (eq 5).
concentration in all solutions to 1.5 mM (after mixing). PCD

(~0.1 unit/mL, final concentration) was added just prior to v Kead S 5
use. Control experiments performed without added formal- [E] - K., + [S] (5)
dehyde yielded results similar to those obtained with solu-

tions containing 1.5 mM formaldehyde. The wild-type enzyme exhibited substrate inhibition due to

Reduction or oxidation of enzyme-bound flavin was both substrates, and the data were fit by successive iterations
followed at 450 nm, that of enzymeyridine nucleotide to eq 6 for double-substrate inhibition in a ping-pong bi-bi
complexes at 550 nm, and that of enzynfielate complexes  system 49) using SigmaPlot.
at 337 nm. Apparent rate constants were calculated from
exponential fits of single-wavelength absorbance traces using ¢V _
one of the following programs that employ the Marquardt  [E/]

Levenberg algorithm4®): KISS (Kinetic Instruments, Inc.), [Al[B] Ky
KinetAsyst3 (Hi-Tech Scientific, Salisbury, U.K.), or Pro-
gram Ay(de\feloped in the laboratory o}; D. P). Ballou). KmalBI( + [B]Kig) + KnglAl(1 + [Al/Kia) + [Al[B]
Typically, rate constants from three to four shots were (6)
averaged, and the error was calculated as the Standarq-?ESULTS
deviation. When the values obtained for the observed rate
constants demonstrated a hyperbolic dependence on the Spectral Properties of MTHFR Are Modified Slightly by
substrate concentration, the data were fit to eq 4 Asp 120 MutationsMutant E. coli MTHFRs Asp120Asn,
Aspl20Ser, Aspl20Ala, Aspl20Val, and Asp120Lys were
Kope= KinaS] @) expressed inE. coli strain AB1909, which carries an
bs Kyt [S] uncharacterized mutation in the MTHFRétH gene leading
to enzyme inactivity 39). All mutant proteins were produced
wherekopsis the observed rate constakiax is the maximum in soluble form with FAD bound, and as His-tagged proteins,
rate constant at a saturating substrate concentration, [S] ighey were purified to homogeneity by employing the same
the substrate concentration, aldgis the apparent dissocia- nickel affinity chromatography procedure that was devised
tion constant for the enzymesubstrate complex, using a for the wild-type enzyme4). The absorbance spectra for
nonlinear least-squares fitting algorithm in SigmaPlot (SPSS the five mutant enzymes are shown in Figure 3. The spectrum
Inc.). of the wild-type enzyme is not shown, but it is identical to

NADH—-CH,-H Folate Oxidoreductase AssaMTHFR that of the Asp120Asn mutand,(18). The wavelengths of
oxidizes NADH and reduces GHH folate to CH-Hfolate maximal absorbance for Aspl20Ala (445.5 nm) and
in the physiological NADH-CH,-Hjfolate oxidoreductase  Aspl120Lys (446.0 nm) are red-shifted slightly compared with
assay. The reaction is monitored by the decrease in thethose of the wild-type, Asp120Asn, and Asp120Ser enzymes
NADH absorbance at 340 nn47, 48) under steady-state  (446.5 nm), while that of the Asp120Val mutant (447.5 nm)
kinetic conditions. The assay was performed as describedis blue-shifted slightly. In contrast to the spectra of the wild-
previously @) with minor modifications. All reactions were  type and Asp120Asn enzymes, a small shoulder near 347
carried out at £C and pH 7.2 under anaerobic conditions nm is prominent in the spectrum of the Asp120Lys mutant
in a Hi-Tech Scientific SF-61 stopped-flow spectrophotom- and to a lesser extent in the spectra of mutants Asp120Ala,
eter equipped with a deuterium light source. All samples Aspl120Ser, and Aspl20Val (Figure 3). Molar extinction
contained 200uM PCA and ~0.1 unitmL PCD as an  coefficients, measured &ta.x Were determined to be 14 300
oxygen-scavenging system, and formaldehyde was presenM~! cm™ for each mutant, the same as for the wild-type
at a final concentration of 1.5 mM (after mixing). To enzyme 88). The mutant enzymes are nonfluorescent, as is
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o7 dye are reasonably similar to potentials measured using the
dye anthraquinone 1-sulfonate210+ 4 mV for Asp120Asn

(ref 18 and data not shown)]; substantial turbidity, however,
plagued measurements of the potentials of some mutants
when using anthraquinone 1-sulfonate, but not the 2,6-
disulfonate dye. Consistent with the loss of a negatively
charged aspartate near the FAD, the measured midpoint
potentials of the Asp 120 mutants (Table 1) are higher than
that of the wild-type enzyme. Increases in midpoint potential
were 1719 mV (Aspl20Asn, -Ser, and -Ala), 23 mV
(Asp120Val), and 30 mV (Asp120Lys), which correspond
to relative thermodynamic stabilizations of 0.83, 1.1, and
1.4 kcal/mol, respectively, for the reduced enzyme form.

. 3 UV—visble absorb ta of ourified Asp 120 Although the observed changes in potential are not large,
IGURE 3: —visible absorbance spectra of purified Asp ; ; .-
mutant MTHFR enzymes. Asp120Asr (— —), Aspl20Ser-), gur.resulti. Sugggst thlalt/ltltlliFall?m'mg ag'dh at ':Ee_mb]'iot
Asp120Ala (- - -), Asp120Val ¢-), or Asp120Lys (~+-) was diluted avin position InkE. coll Indeed has the ability 1o

to 43uM in 50 mM potassium phosphate buffer (pH 7.2) containing tune the redox properties of the enzyme-bound FAD.

0.3 mM EDTA and 10% glycerol at 25C and scanned from 300 Reduction by NADH Is Impe@d by Asp 120 Mutations.

to 600 nm. The spectrum of the wild-type enzyme (not shown) is To probe the effect of the five mutations introduced at
identical to that of the Asp120Asn mutant. position 120 on the properties of MTHFR, we examined in
detail the reductive and oxidative half-reactions (shown in
egs 2 and 3) constituting the NADHCH,-Hfolate oxi-

0.6

0.5 4

0.4

0.3 1

Absorbance

0.2 4

0.1 4

0.0

300 350 400 450 500 550 600
Wavelength (nm)

Table 1: Midpoint Potentia®

enzyme En (MV) enzyme En (mV) doreductase reaction. To study the reductive half-reaction,
wild type —237+ & Aspl20Ala —218+ 3 the oxidized enzyme (10M) was reacted with concentra-
Aspl20Asn  —220+3 Aspl20val —214+3 tions of NADH ranging from 25 to 30@M (concentrations
Aspl120Ser —219+3 Aspl20Lys —207+3

after mixing) at pH 7.2 and #C in a stopped-flow
hzg”hgt‘g%i‘#:r"zeﬂti ;’;’irsm:'r‘]?nn gtgzn?MiréggArgr'\]"d i’g@ssliucrgrol spectrophotometer under anaerobic conditions. The 450 nm
kF’)VaILrj)es are the a\F/)erage of at Ieastgthree determinations. Un%grtaintiesgl_’ﬁces for the AsplZOAsn mutant ar.e shown in Figure 4A,
represent standard deviationgsrom ref4. e traces were fit to two exponential phases, a fast and a
slow phase, accounting for 25 and 75%, respectively, of the
total absorbance change. The observed rate constants as-
sociated with the slow phase were essentially independent
&f the concentrations of NADH used in the experiment and
reached a maximal value of 20420.4 s (inset of Figure
4A). In Figure 4A, the decrease in starting absorbance at
450 nm with an increase in NADH concentration may be
due to the fast formation of zNADH charge-transfer

the wild-type enzymed4). While the small differences in the
spectral properties of the Asp 120 mutants may suggest subtl
changes in the environment of the bound FAD, the similari-
ties of the properties to those of the wild-type enzyme suggest
that the overall protein structures of the mutants have not
been changed significantly. Near-wild-type activity in the
re_ducti\_/e half-reaction for each mutant (see below) SUpportScompIexes (see below) or, alternately, to surreptitious
this claim. photochemical reduction of the oxidized enzyme as the
The Midpoint Potential Increases with the Loss of Negati  experiment progressed.
Charge at Position 120/Ve have hypothesized that Asp 120 Transient, weak long-wavelength absorbance, typical of
located at the N+ C2=0 flavin position will influence the  flayin—pyridine nucleotide charge-transfer complexes, was
redox properties of MTHFR. A redox dye method developed ohserved for the Asp120Asn enzyme (Figure 4B) at wave-
by Massey 41) was used to measure the midpoint potentials |engths between 550 and 650 nm. Such charge-transfer
of the Asp 120 mutants at 23C and pH 7.2. Flavin  apsorbance had been seen for this mutant in our previous
semiquinone species have not been observed upon photorestdies at 25°C (18), but its kinetic characterization was
duction of the mutants (data not shown); thus, only two- not possible due to the rate of the reaction at the higher
electron midpoint potentials associated with conversion of temperature. The 550 nm traces in Figure 4B show two
oxidized to fully reduced hydroquinone were determined. phases, a rapid increase in absorbance followed by a slower
The reference redox dye anthraquinone 2,6'disulf0nate with decrease. The slow phase data (inset of Figure 4B) y|e|ded
a midpoint potential of-196 mV at pH 7.2 42) was 3 maximal rate constant of 248 0.9 s'%, comparable to
employed. For all the Asp 120 mutants, the resulting 10g the rate of reduction at 450 nm. To estimate the rate constants
plots were linear (averag® = 0.995+ 0.003) in the region  for formation and decay of the charge-transfer complex, the
of paints corresponding to more than 10% and less than 90%gpserved rate constants for the fast phase data at 550 nm
reduced enzyme or dye, and the slopes were near unitywere plotted as a function of NADH concentration and fit
(average slope= 1.194 0.11), consistent with the dye and  to a linear function (data not shown). From the slope, the
enzyme couples transferring the same number of electronssecond-order rate constant associated with formation of the
(presumably two) between the oxidized and reduced forms complex is estimated to be (150.2) x 10° M~ts 1. From
(41). the y-intercept, the rate constant for decay of the complex
Table 1 shows the average midpoint potentials determinedto E,x and NADH is estimated to be 18 4 s%, giving an
for the mutants. The midpoint potentials of the variants apparent dissociation constant Qi for the charge-transfer
measured here using anthraquinone 2,6-disulfonate as a redogomplex of the Aspl120Asn enzyme. For comparison, a
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0 100 150 200 is released rapidly. The simulated traces at 450 and 550 nm

0.004 NADH (uM)

A otef Table 2: Rapid-Reaction Kinetic Constants for the Reductive
oqalb Nf se e . . Half-Reactiof®
- L]
= o012 % A enzyme k' (s7Y) enzyme k' (s7Y)
2 o010 2 wild type 13.8£ 0.4 Asp120Ala 17.6:0.1
T st Asp120Asn 20.2+ 0.4 Aspl20Vval 17.6: 0.4
g oosf , Asp120Ser 17.6:0.3 Asp120Lys 17.4-0.4
E 006 O o a All measurements were taken at°€ in 50 mM potassium
< oo04lb phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.
b See Scheme 2 for the definition of rate constants. The net rate constant
002 for reduction k', is defined ase' = koks/(k-2 + ks) (50).
0.00 | ) ) -
0.1 T"Ir:‘e © ! simulations, in which dissociation of NADH from the charge-
transfer complexk_;) was on the order of hydride transfer
g, oot (ko) (not rapid equilibrium) and product release of NAD
stk 25 { * CR o (ks) was comparatively fast_ (see the Supporting Information),
P modeled nicely our experimental data at both 450 and 550
E o008} N nm. At wavelengths between 500 and 800 nm, no transient
3 . 0y absorbance consistent with a produgtsBIAD* charge-
g 0006 [ transfer complex was observed, which suggests that NAD
[
§
<

were fit to two exponential phases and the observed rate
constants determined. The slow phases showed hyperbolic
dependencies on the concentration of NADH and yielded
apparenty values for NADH of 18+ 7 and 11+ 2 uM,
respectively, for the 450 and 550 nm data (available as
Supporting Information). These apparé&qtvalues obtained

'(:)liiliji{zEeAé: eﬁzefm”g“‘i’f‘l&f wgsArﬁﬁ(tﬁoxﬁﬂ s?c?lalig]r?s% 2'\‘0/2(')3":';5(/*) from simulation were reasonably similar to the value of 7
(®), 50 (), 100 @), 200 (1), and 300uM NADH () (concentra- uM that can be calculated from apparent rate constints
tions after mixing). Stopped-flow reaction traces, monitored at 450 andk-1. From Scheme 2, the net rate constefitequal to

nm, were fit to two exponential phases. In the inset of panel A, the the maximal observed rate constant for reduction (slow
observed rate constants for reduction (slow phase) were plottedphase) measured in the stopped-flow spectrophotometer, is
against the concentration of NADH. The maximum rate constant given by eq 7 %0).

for reduction (net rate constarky', according to Scheme 2) was

0.002

0.000

0.01 0.1 1

Time (s)

20.2+ 0.4 s'1. (B) Charge-transfer interactions measured at 550 KoK
nm for the reaction of 1@M enzyme with 20 ©), 35 @), 50 O), " — 273 @
100 @), and 200uM NADH (A) (concentrations after mixing) 2 k., + kg

are shown. In the inset of panel B, the observed rate constants for

the slow phase at 550 nm were plotted against the concentration ) . . )
of NADH. The data yielded a maximum rate constant of 24.8 Stopped-flow analysis as described above for the Asp

0.9 s, Reaction conditions were 50 mM potassium phosphate 120Asn reductive half-reaction was performed, under the
buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol at 4 same conditions, with wild-type MTHFR and mutants
°C. Aspl20Ser, Asp120Ala, Asp120Val, and Asp120Lys. Quali-
tatively, the wild-type and mutant enzymes behaved like the
Half-Reaction Aspl120Asn mutant (Figure 4). For each, the data fit to
) o " Scheme 2. Transient charge-transfer absorbance was pb—
E. + NADH —= E,eNADH == EreNAD® ==E,, + NAD" ser\_/ed at 550 nm, and the 450 nm traces Were.blphasm with
k.1 2 ks flavin reduction in the slow phase corresponding to decay
of the charge-transfer complex at 550 nm. The slow phase
similar analysis of the wild-type enzyme vyielded values of at 450 nm showed no dependence on the NADH concentra-
(6.14+ 0.4) x 1® Mts*and 104+ 3 s as the second-  tion, and analyses of the data yielded the respective net rate
order and first-order rate constants, respectively, and anconstants for reductiork{) given in Table 2. The results
apparent dissociation constant of 46 for the charge- show, within the uncertainty of the measurements, that (1)
transfer complex (data not shown). all mutants catalyze NADH reduction at a somewhat greater
Taken together, the results for the Asp120Asn mutant canrate than the wild-type enzyme and (2) among the mutants,
be described by the minimal kinetic mechanism for the the Asp120Asn mutant is reduced by NADH with the highest
reductive half-reaction, shown as Scheme 2. To test thisk,'.
mechanism, we carried out simulations at both 450 and 550 An Intermediate Complex Is Obged in Reaction of the
nm of an A+ B <= C <= D — E + F model for NADH Reduced Wild-Type Enzyme with £HuFolate at 4 °C.
concentrations of 16200 uM with the following rate Before the oxidative half-reaction of the Asp 120 mutants
constantsk; =4 x 1M 1s k1 =30s% ky=27s7, could be studied, the reaction of the wild-type enzyme with
k, =0 s? andks = 100 s? (available as Supporting CH,-H,folate needed to be characterized fully &Gt [The
Information). The value used fdr; is zero, consistent with 25 °C temperature used in our previous studigsl@) led
a calculated free energy change for the half-reactioni to substantial turbidity for some of the mutant enzymes.]
kcal/mol @), making reduction essentially irreversible. These Photoreduced wild-type enzyme (M) was combined with

Scheme 2: Kinetic Mechanism for the Reductive
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A 0P observed rate constant of 55 0.5 s*. A slow phase,
o8 b f ! associated with the remaining 28% increase in absorbance,
018 b yielded a maximal rate constant of 1490.2 s* (inset of
€ 014 _xén.s- Figure 5A). The phase appeared to be independent ¢f CH
g o2t po b Hfolate concentration (inset of Figure 5A); by contrast, in
g otwp o oo ) g our previous study, the corresponding slow phase of reoxi-
g o008} dation at 25°C depended on CiHjfolate in a hyperbolic
3 006 ¢ manner and yielded an apparéftfor CHy,-Hsfolate of 11
0.04 F uM (4)
0.02 With the aim of better characterizing the new, fast phase
o.00 oo o p o observed at £C, we examined the reaction of a higher
Time (s) concentration of reduced enzyme (@@, 5-fold greater than
032 before) with CH-Hfolate in a stopped-flow spectropho-
B o4l ] tometer equipped for diode array and single-wavelength

detection. Believing that the fast phase might be attributed
to the rapid formation of a pre-steady-state enzyifiodate
complex, we investigated the reaction at a range of wave-
lengths from 300 to 800 nm. No changes in absorbance were
detected at 550, 650, or 750 nm, wavelengths typical for
absorbance of charge-transfer complexes. The reaction
monitored at 337 nm, however, suggested the existence of
an intermediate species. Figure 5B shows the 337 nm reaction
traces (right axis) on the same time scale as the 430 nm traces
(left axis). Notably, the absorbance increase at 337 nm
Time (s) corresponds to the lag at 430 nm, and the decrease at 337
Ficure 5: Reoxidation of the reduced wild-type enzyme by.£H  nm corresponds to flavin reoxidation at 430 nm. The reaction
?gfﬁ:%tﬁé E@p_? %‘;foégd(“.‘;‘?dlo%”a’)rf‘:ngl%)oﬂwMascl’_‘pz'_xﬁgo‘l’;'ttg is triphasic at both wavelengths. The fast phase, characterized
(W) (concentrations after mixing). Stopped-flow reaction traces, by an increase in absorbance at 337 nm, showed no obvious
monitored at 450 nm, were fit to three exponential phases. The dependence on the concentration of &tifolate, but the
fast, medium, and slow phases accounted<d; 68, and 28%, uncertainties in the data were large due to the fast rates and
gispa?ﬁglvil)?sosfffg\?v rt]ottﬁleot?:eer‘r’]%‘i r?f:%ffbﬁ]lcilgcva”%g-s'engheciane%mall (~0.03) amplitudes (data not shown). A maximal rate
H4ch)>Iate concentration. The%lata yielded a maximrfl rate cc?nstant constant of 280t 60 s™ was estimated. At 337 nm, the
of 1.9+ 0.2 s. (B) Photoreduced enzyme (30M) was mixed medium and slow phases accounted for 68 and 28%,
with solutions of 25 and®), 50 (O andl), 100 €& and#), 300 respectively, of the absorbance decrease, and they exhibited
(a4 and a), and 600uM CHz-Hjfolate (v and¥) (concentrations ~ maximal rate constants of 68 0.6 and 1.6+ 0.2 s,
after mixing). Reaction traces at 430 nm (left axis, filled symbols) respectively, corresponding to the two phases of reoxidation

and at 337 nm (right axis, empty symbols) are shown. The initial :
absorbance of the 337 nm traces increased with an increase inmeasured at 430 nm. Our combined results at 337 and 430

substrate concentration due to background absorbance from CH NM are consistent with the rapid formation of a reduced
Hjfolate. Thus, the 337 nm traces have been aligned at a beginningenzyme-folate complex followed by its decay, concomitant

absg_rtt_)ance of 05-’%6 t('\)/l motre easily k:/iSUfri]liZte éh(]gfm- (Raac;ig)n with reoxidation of the enzyme. This complex could represent

conditions were mM potassium phosphate buffer (pH 7. CH. ; i i

containing 0.3 mM EDTA and 10% glycerol at°c. an EeeCH, H4fola_te species, which might be expected to
show a perturbation of the reduced enzyme spectrum, or

25—200uM CHy-Hfolate (concentrations after mixing), and alternatively, the species could.be a _co_m.plex be_tween the
reduced enzyme and the putative 5-iminium cation folate

the increase in flavin absorbance due to reoxidation was. di for th ) f the |
monitored at 450 nm in the stopped-flow apparatus. A intermediate. To test for the existence of the latter, we

) . . X . * * examined the reaction of reduced enzyme with-EL¥olate
representative experiment is shown in Figure 5A. As

L . in place of CH-Hjfolate in the stopped-flow instrument. If
indicated by spectra recorded at the conclusion of each shotthe increase in absorbance at 337 nm were due to the

full reoxidation occurred only at the higher concentrations g_inium cation in complex with the reduced enzyme, the
(100-200M, after mixing) of CH-Hufolate. This reflects — ayima| rate constant associated with the fast phase should
the fact that under these conditions the reaction proceeds tQypipit a secondary kinetic isotope effect of +B5 (51).
equilibrium rather than to completion. [The free energy Ng such effect, however, was observed (data not shown).
change of the half reaction is1.2 kcal/mol @).] In contrast The CH-H.Folate Binding Affinity and Rate of Catalysis
to the reaction studied earlier at 26, which was biphasic  aAre Diminished in the Position 120 Variant®n the basis
(4), the 450 nm reaction traces in Figure 5A were best fit to of the modeling of Cl+H.folate into the active site OF.
three exponential phases. A fast phase with an estimated rategli MTHER (Figure 2), Asp 120 appears to be positioned
constant of>200 s occurred as an initial lag in the reaction. g participate in folate binding via hydrogen bonding
This phase accounted for less than 4% of the total increaseinteractions and in folate catalysis through stabilization of
in absorbance~0.003 absolute absorbance out of a total the putative 5-iminium cation. Variants Asp120Asn, Asp-
change of 0.10). A medium phase, accounting for 68% of 120Ser, Asp120Ala, Aspl120Val, and Aspl120Lys, which
the total absorbance change, was independent of the condiffer in hydrogen bonding potential and in negative charge
centration of CH-Hsfolate (data not shown) and yielded an density from the wild type, were prepared to test these

ost 1030

Absorbance (430 nm, closed symbols)
Absorbance (337 nm, open symbols)
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FicUrRe 6: Reoxidation of the reduced Asp120Ala enzyme by,CH
Hsfolate. (A) Photoreduced enzyme (M) was mixed with
solutions of 23 ©), 45 @), 130 (), 270 @), and 410uM CH,-
Hfolate (») (concentrations after mixing). Stopped-flow reaction
traces, monitored at 450 nm, were fit to three exponential phases
The fast, medium, and slow phases accountecd#r58, and 38%,
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Table 3: Rapid-Reaction Kinetic Constants for the Oxidative

Half-Reactiord

slow phase medium phase
Ka
(CHz-H4folate,
enzyme uM) Ksiow (S74) Kmea (s71)¢

wild type nct 1.940.2 5.5

Asp120Asn nél 0.00774+ 0.0002 0.022
Aspl120Ser 12t 1 0.0149+ 0.0006 0.034
Aspl120Ala 57+ 4 0.0219+ 0.0010 0.040
Aspl20Val 108t 21 0.0152+ 0.001® 0.030
Aspl20Lys 160G+ 38 0.0105+ 0.0009 0.040

a All measurements were taken at°€ in 50 mM potassium
phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.
b Slow phase of reoxidatiorf.Medium phase of reoxidatiod.Average
value, not dependent on the concentration of-Ekfolate. Uncertainties
are +£10% of the kmes value.®Not able to be determinedNot
dependent on the concentration of £Hufolate. 9 Dependent on the
concentration of CktHsfolate in a hyperbolic manner.

and rate of catalysis in the oxidative half-reaction have been
impaired by the Asp120Ala mutation.

Stopped-flow studies of the oxidative half-reaction were
also carried out with MTHFR variants Asp120Asn, Asp-
120Ser, Aspl20Val, and Asp120Lys. For each enzyme, the
450 nm reaction traces fit best to three exponential phases.
A small increase in absorbance characterized the fast phase.
The medium phase was independent of the concentration of
CH,-H,folate and yielded observed rate constants-1238D-

‘fold lower than that for the wild-type enzymé& g Table

respectively, of the total observed absorbance change. In the inse3). For mutants Asp120Ser, -Val, and -Lys, the slow phase

of panel A is shown the dependence of the slow phase op CH
Hfolate concentration. Fit of the data to eq 4 yielded a maximal
rate constant of reoxidation of 0.02%90.0010 s* and an apparent

Kg of 57 &+ 4 uM for CH,-H,folate. (B) Photoreduced enzyme (50
uM) was mixed with solutions of 504 and @), 100 @ andm),

and 30quM CH,-H folate (A anda) (concentrations after mixing).
Reaction traces at 430 nm (left axis, filled symbols) and at 337 nm

(right axis, empty symbols) are shown. The 337 nm traces have
been aligned at a beginning absorbance of 0.22 to more easily

visualize them. Reaction conditions were 50 mM potassium
phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10%
glycerol at 4°C.

proposals. To study the oxidative half-reaction, the mutant
enzyme was photoreduced and reacted with-Elkfolate
in a stopped-flow spectrophotometer at pH 7.2 antC4

showed a clear hyperbolic dependence onj-Elfolate
concentration, and fitting of the data to eq 4 yielded the
respective apparent dissociation constants and the observed
maximal rate constants given in Table 3. By contrast, no
apparent dependence on &£Hjfolate concentration was
observed for the Asp120Asn variant (Table 3). The results
show, within the uncertainty of the measurements, the
following trend in apparerity values: wild type (Asp 120)
~ Asn ~ Ser< Ala < Val ~ Lys. Moreover, the Asp 120
mutations decrease the rate of folate catalysis-BlD-fold;
the Aspl20Asn and Aspl20Lys enzymes are the most
negatively affected.

To test whether the mutant enzymes could form the
intermediate species we had observed for the wild-type

The 450 nm traces for the Asp120Ala mutant are shown in enzyme at 337 nm, we examined the reaction of the severely
Figure 6A. Indeed, the overall reoxidation of the mutant by impaired Asp120Lys enzyme (5@M, after mixing) with
CHz-Hfolate has been slowed significantly compared to that CH,-H,folate in the stopped-flow apparatus. No change in
of the wild-type enzyme. The reaction is triphasic, similar absorbance at 337 nm was observed (data not shown). The
to that of the wild-type enzyme, with fast, medium, and slow experiment was then repeated with the more active Asp120Ala
phases accounting for4, 58, and 38%, respectively, of the mutant. The resulting 337 and 430 nm reaction traces are
total absorbance change. The medium phase of the Asp120Alashown in Figure 6B. At 337 nm, an intermediate species is
enzyme was independent of the EH,folate concentration  clearly formed ly 2 s and then decays at a rate coincident
and had an observed rate constant of 0840004 s* (Kmeq with flavin reoxidation at 430 nm. At 56300uM CH,-Hg4-
Table 3). By contrast, the slow phase showed a clearfolate, the observed rate constant for the fast phase is
hyperbolic dependence on the concentration of-Elkfolate estimated to be 2.& 0.1 st Thus, mutation at the Asp
(inset of Figure 6A). A fit of the data to eq 4 yielded an 120 position appears not to prevent formation of the
apparenty of 57 + 4 uM for CH,-H,folate, a significant intermediate species, but the rate of its formation is more
increase over that observed for the wild-type enzyme at 25than 100-fold slower than with the wild-type enzyme.

°C. The maximal observed rate constant for the slow phase The Folate Half-Reaction Is Rate-Limiting for Asp 120
of reoxidation was 0.021% 0.0010 s?, 90-fold lower than Mutants in the Physiological NADHCH,-H Folate Oxi-

the analogous rate constant for the wild-type enzyme (Tabledoreductase Reactionn the physiological NADH-CH,-

3). These results indicate that both folate binding affinity Hafolate oxidoreductase reaction, NADH transfers reducing



6818 Biochemistry, Vol. 44, No. 18, 2005

Table 4: Steady-State Kinetic Constants for the
NADH —CH,-H,Folate Oxidoreductase Assay

Km Km KealKm
(NADH, (CHy-Hafolate, (CHz-Hfolate,

enzyme keat (579 uM) uM) uM~ts™)
wild typeP 22402 35+£06 0.40+0.10 55
Asp120Asn 0.0073 0.0007 <3.5 17+3 0.00043
Aspl120Ser 0.019% 0.0014 <35 4342 0.00046
Aspl120Ala 0.0222: 0.0020 <3.5 99+ 7 0.00022
Asp120Val 0.0172:0.0017 <3.5 187+ 26 0.000092
Asp120Lys 0.0107 0.0014 <35 142+ 40° 0.000075

aAll measurements were taken at °€ in 50 mM potassium
phosphate buffer (pH 7.2) containing 0.3 mM EDTA and 10% glycerol.
b Wild-type enzyme data were fit to eq 6 for double-substrate inhibition.
TheK; for NADH was determined to be 14 6 uM; the K; for CH,-
H,folate was 61+ 16 uM. Mutant enzymes did not exhibit substrate
inhibition. ¢ Average of two determinations.

equivalents to the enzyme-bound FAD, which in turn
transfers them to CHHfolate. Steady-state analysis of the

Trimmer et al.

the flavin isoalloxazine ring in various flavoproteins. In
flavoproteins that catalyze dehydrogenase reactions, the N1
C2=0 position of the flavin is usually in contact with (within
3.5 A) a positively charged moiety, either an amino acid
(Arg, Lys, or His) or the positive end of a helix dipol8)(
Most mutagenesis studies carried out to examine how the
N1—C2=0 moiety controls the redox properties in this class
of flavoproteins, however, have been plagued with problems
of enzyme inactivity {5—17), until recently 60, 61). Three
roles for the N+-C2=0 moiety have been proposef):(

(1) assistance in flavin binding, (2) control of flavin midpoint
potential, and (3) influence on the protonation state of the
reduced hydroquinone (Figure 1B,C).

We have carried out this mutagenesis study to test the
importance of the unusual occurrence of a negatively charged
residue (Asp 120) near the NL2=0O moiety of the
isoalloxazine moiety inE. coli MTHFR (5). We have
replaced Asp 120 with the following amino acids: Asn, Ser,

physiological reaction was performed under anaerobic condi-Ala, Val, and Lys. The fact that the mutant enzymes could
tions in a stopped-flow spectrophotometer at pH 7.2 and 4 be isolated in soluble form with FAD bound (Figure 3)

°C. With the wild-type enzyme, marked inhibition was

indicates that the N2C2=0 moiety is not required for flavin

observed at high concentrations of each substrate and théinding in MTHFR. All midpoint potentials of the mutants
kinetic constants were determined by fitting the data to eq 6 (Table 1) were greater than that of the wild-type enzyme
by successive iterations. By contrast, the mutant enzymes(—237+ 4 mV). From this, we predict that the mutants will

exhibited no inhibition, and the data were fit to the

be more readily reduced by NADH and, in the reduced form,

Michaelis-Menten equation (eq 5). The kinetic parameters react less completely with G+Hfolate than with the wild-
obtained for the wild-type and mutant enzymes are shown type enzyme. Within the uncertainty of the measurements,

in Table 4. For the Asp120Asn mutaiit, was determined
to be 0.0073+ 0.0007 s?, 300-fold lower than that of the

the mutant midpoint potentials fell into three classes: (1) a
17-19 mV increase in potential for replacement of the

wild-type enzyme. This observed turnover number is in good negatively charged Asp 120 with the polar, neutral Asn or

agreement with an expected value of 0.0077 that is

Ser or the small, nonpolar Ala, (2) a 23 mV increase for

calculated from the observed rate constants for the two half- substitution with the larger, nonpolar Val, and (3) a 30 mV

reactions, reduction by NADHk{', 20.2 s?, Table 2) and

the slow phase of reoxidation by GiHfolate Ksow, 0.0077

s1, Table 3), assuming a ping-pong bi-bi mechani&®).(
v Ky Kgiow o (20.6)(0.0077):
[E] k' + Kgow (20.6+ 0.0077)

0.0077 §*
(8)

Indeed, the oxidative half-reaction involving @GHfolate
is rate-limiting in turnover for the Asp120Asn mutant. A

increase for substitution with Lys. Although th&gpof the
Aspl20Lys side chain is not known, the large80 mV
increase in the mutant potential is consistent with a change
from a negative charge to a positive charge in the Asp120Lys
enzyme. The somewhat similar midpoint potentials of the
Aspl20Val and Aspl120Lys mutants 214 + 3 and—207

+ 3 mV, respectively), however, could argue against this
supposition. Although the observed changes are not large,
our results, taken together, suggest that the midpoint potential
of the enzyme-bound FAD in MTHFR is indeed modulated

similar conclusion can be drawn for the wild-type and other i, 5 manner generally consistent with that expected from
mutant enzymes, given the near equivalence between thgne negative charge density of the amino acid at position

maximal turnover numbergd,) in Table 4 and the maximal

120. For comparison, when Lys 266, a positively charged

observed rate constants obtained from the slow phase of themino acid near the NAC2=0 position of lactate mo-

oxidative half-reactionkow, Table 3). Our results in Table
4 further show that the mutant enzymes exhkjt values

for CH,-Hjfolate increased 56500-fold compared to that
of the wild-type enzymeK,, values for NADH, however,

nooxygenase, was replaced with a neutral Met, the midpoint
potential was lowered by 31 m\L(). In p-hydroxybenzoate
hydroxylase, where a positive dipole from anrhelix
(residues 296300) is near the NXC2=0O position, a

are smaller in the Asp 120 mutants than in the wild-type | ys297Met mutation demonstrated a more modest decrease

enzyme. Such a decreaseKp for the substrate in the half-

in potential of 13+ 4 mV (60). Similarly, substitution of

reaction that becomes less rate-limiting has been observedne N1—C2=0 moiety Arg 238 in morphinone reductase

previously in enzymes that exhibit ping-pong kinetig8)(
DISCUSSION

Asp 120 Modulates Flan Reactuity. In flavoproteins, the
protein environment surrounding the flavin is predicted to

with Met resulted in a 12 6 mV lowering of the midpoint
potential 61). Our 30+ 3 mV change in potential due to
the Aspl20Lys mutation irE. coli MTHFR stands in
contrast, however, to a smali34 mV decrease in potential
reported for the Arg233Glu mutation in morphinone reduc-

have significant influence over the redox properties of the tase 61). In this last study with morphinone reductase,
enzyme-bound flavin. Consistent with this view are studies because the magnitude of their observed changes was small

probing the interactions of amino acids with the N&-{
56), N3 (57), N1 (58), and C4 carbonylH9) positions of

and did not correlate well with the charge of the moiety near
the N1-C2=0O position, the authors concluded that the
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Scheme 3: Kinetic Mechanism for the Oxidative at 450 nm (Figure 5B). To test whether the complex could
Half-Reaction be the Eg5-iminium cation species, we performed a
Ereq + CH2—H4foIate_k4; E eq® CHp-Hyfolate i E, -CHS-H‘,foIate‘k—G:E + CH3-Hyfolate Secondary iSOtOpe eﬁ?Ct eXperi.mel:]t USingzq}DfO.late in

“ o~ T Ko place of CH-Hjfolate in the oxidative half-reaction. Our

failure, however, to see a secondary isotope effect (data not

charge density near the NLT2=0 position does not  shown) is not consistent with the 337 nm species being the
contribute significantly to stabilization of the reduced flavin. 5-iminium cation. Our results stand in contrast to recent
Similar mutagenesis studies on other flavoproteins are kinetic data obtained at 337 nm in support of a 5-iminium
necessary for the full evaluation of the relationship between cation in the reaction of thymidylate synthase with £Ht-
the N1-C2=0 moiety and the midpoint potential of the folate 64). An E.sCH,-Hjfolate complex would also be
enzyme-bound FAD. Finally, work is in progress to evaluate consistent with the observed perturbation of the spectrum
the effect of the Asp 120 mutations on the protonation state of the reduced enzyme. Thus, we hypothesize that the
of the reduced FAD irE. coli MTHFR. 15N NMR studies intermediate species observed at 337 nm is either the initial
on old yellow enzyme 11), glucose oxidasel@), and Erer CHx-Hfolate Michaelis complex as depicted in Scheme
flavocytochromeb, (13), flavoproteins that catalyze dehy- 3 or, possibly, a strained, bent conformation in which the
drogenase reactions and have Arg, His, and Lys, respectively, CHz-Hsfolate is better oriented for catalysis, as suggested
at the N:-C2=0 position, have shown that the reduced for thymidylate synthase2(, 62, 63).
flavins in these enzymes are bound as the anionic hydro- The medium and slow phases of the oxidative half-reaction
quinones. Similar studies on NIC2=0 mutant forms of ~ account for 68 and 28%, respectively, of the observed
flavin dehydrogenases have not been performed. absorbance increase at 450 nm and show no dependence on

Asp 120 Has a Minor Role in the NADH Half-Reaction. the concentration of CiHHsfolate. Two phases of oxidation
Mutations that increase the midpoint potential of the flavin were also observed in our earlier study with the wild-type
are expected to increase the rate of reduction by NADH. enzyme at 25°C (4). Flavin oxidation is also clearly
Consistent with this view, the rate of enzyme reduction by reversible, as indicated by the failure of the oxidative half-
NADH was increased slightly (1:21.5-fold) in the Asp 120  reaction to go to completion except at high (D0 M)
mutants compared to the wild-type enzyme (Table 2). By concentrations of CiHH,folate (Figure 5). [The free energy
comparison, a much larger effect (45-fold) on the rate of change of the half-reaction is calculated to b&.2 kcal/
NADH-linked reduction was observed for the Arg239Met mol (4).] Two mechanisms can be proposed to account for
mutant of morphinone reductag#), and for the Lys266Met  the biphasic kinetics of the folate half-reaction. The first,
mutant of lactate monooxygenase, which catalyzed reductionsuggested by one of our referees, proposes that the slow and
by L-lactate 23000-fold slower than the wild-type enzyme medium phases correspond to the reversible oxidation and
(10). As suggested by the author$Q( 61), these large  product release steps, respectively, in Scheme 3. A second
decreases in rates of flavin reduction, however, are likely possible mechanism is that the two phases are somehow both
not due to the altered midpoint potentials of the flavins involved in flavin reoxidation and that the GHHjfolate
[decreases of 12 and 31 mV for the mutants of morphinone product release step is very fast in comparison. In this case,
reductasef(l) and lactate monooxygenask), respectively, =~ we speculate that the medium and slow phases could
compared to those of the corresponding wild-type enzymes]represent two populations of enzyme, perhaps differing by
and may, rather, reflect altered substrate binding or reactionsubunit asymmetry or conformational change, that reoxidize
intermediate stabilization in the mutant enzymes. at two different rates. The observed rate constants for the

A Proposed Mechanism for the Folate Half-Reaction. oxidative half-reaction and for overall catalysis are given
From Scheme 1, a four-step sequence of events can béy egs 9 and 10, respectively.
envisioned for the CHH folate oxidative half-reaction: (1)
binding of CH-H,folate to the reduced enzyme to form a K Ksks 9)

Michaelis complex, perhaps coupled to the enforcing of the K 5+ kg

proper orientation of the substrate for catalysis, as proposed

for thymidylate synthase?(, 62, 63), (2) protonation of N10 _ ksKs

by an acid catalyst to promote opening of the imidazolidine Kear = ks + K_g + Kq (10)

ring and formation of the 5-iminium cation, (3) transfer of

a hydride from the reduced FAD to a stabilized 5-iminium In support of the second mechanism, the net rate constant

cation, and (4) release of the product £Hi,folate. for the slow phase measured in the stopped-flow instrument,
Taken together, our results for the wild-type enzyme may ks’ (ksow Of 1.9+ 0.2 5%, Table 3), is nearly the same lag:

be described by the minimal kinetic mechanism for the (2.2+ 0.2 s%, Table 4). From egs 9 and 10, this equivalence

oxidative half-reaction, shown as Scheme 3. When the implies thatks < k_s + ks, which will be the case iks >

reduced wild-type enzyme is reacted with £Hifolate in ks; i.e., CH-Hfolate product release is at least 10-fold faster

the stopped-flow spectrophotometer, the reaction traces atthan flavin oxidation. Thus, a 5.% 0.6 s! value for the

450 and 337 nm are triphasic (Figure 5). The small, fast observed rate constant of the medium phase should not

phase at 450 nm represents an initial lag in the reaction qualify for ks. To try to determine a reasonable value kgr

corresponding to the formation of a reduced enzyiioate we have attempted simulations of the folate half-reaction at

complex at 337 nm, which is independent of the concentra- 450/430 and 337 nm usinganAB<~-C<D<E+ F

tion of CH,-Hsfolate. The medium and slow phases, also model and 16600 uM CH,-Hfolate. The following rate

independent of CHH folate concentration, show decay of constants (assignments according to Scheme 3) give reason-

this complex at 337 nm, concomitant with flavin reoxidation able fits to our experimental data at 430 nm, with /8@
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enzyme:ky=1x 1M tst k,=15s1 ks=3s7,
ks=2s?% k =30s? andks =6 x 10° Mt g1

Trimmer et al.

the Lys side chain; the Lys side chain may be pointed away
from the pterin ring to avoid a steric clash and not in a

(available as Supporting Information). Using these rate position for the NH-containing side chain to hydrogen bond
constants, the net rate constant for the slow phase of theto the folate. To support such speculations, structural
oxidative-half reactionks', is calculated from eq 9 to be 2.7  characterization of mutanfolate complexes is necessary,
s ! and thek.,is calculated from eq 10 to be 2.4'svalues and these studies are planned as future work.

somewhat higher than the experimental ones1®2 and Asp 120 Has a Major Role in GFHjFolate Catalysis.
2.2 +£ 0.2 s, respectively. Essentially the same fits, From our CH-Holate docking model (Figure 2), we
however, are obtained by loweritg to 5.5 s* andk_¢ to hypothesized a role for Asp 120 in folate catalysis, perhaps
1 x 10° Mt s7%, which result in calculated values of 2.2 in electrostatic stabilization of the putative 5-iminium cation
and 1.6 s* for ks' andk.., respectively (see the Supporting intermediate. The negatively charged carboxylate side chain
Information). Because the simulations show that a value for of Asp 120, hydrogen bonded to the N3 and 2-amino groups
ks of 30 or 5.5 s* can accommodate the data, we cannot, at of the pterin ring and located an estimated 6.3 A from the
this time, confidently distinguish between our two proposed N5 atom of the pterin ring, could have favorable long-range
mechanisms cited above. Further experiments are necessaryelectrostatic interactions with a positively charged 5-iminium

Note that the Asp 120 mutants, investigated in this work,

also show the two phases of oxidation.
Asp 120 Has a Major Role in Folate Bindinlodeling
of the CH-Hsfolate product into the enzyme active site

(Figure 2) suggested a role for Asp 120 in the binding of
CH,-Hfolate (step 1 in Scheme 3). In the model, which has

been confirmed recently by the structure of an enzyme
CHs-Hsfolate complex (R. Pejchal and M. L. Ludwig,

cation. Similar long-range interactions have been proposed
to explain the role of Asp 27 of dihydrofolate reductase in
elevating the [, of the N5 atom of dihydrofolate6@). In

this study, the Asp 120 mutants showed a 1800-fold
decreased rate in the oxidative half-reaction involvingCH
Hsfolate (both slow and medium phases, Table 3) and in
the steady-state NADHCH,-Hfolate oxidoreductase assay
(Table 4), where the folate half-reaction was rate-limiting,

personal communication), the carboxylate oxygens of Asp thereby showing the importance of Asp 120 in catalysis.
120 form bidentate hydrogen bonds with the N3 and 2-amino Within the error of the measurements, catalytic efficiency
groups of the pterin ring. To investigate the role of Asp 120 (k.a/Km) in the physiological oxidoreductase reaction varied
in folate binding, we examined the affinity of mutants in the following order: wild type> Asn ~ Ser> Ala >
Aspl20Asn, -Ser, -Ala, -Val, and -Lys for GHHjfolate Val ~ Lys (Table 4). Replacement of the negatively charged
during the oxidative half-reaction at°€. Rate constant data Asp 120 with a polar, neutral Asn or Ser led to a 12000-
(from the slow phase) for mutants Asp120Ser, -Ala, -Val, fold decrease ifc./Kn, while the small, nonpolar Asp120Ala
and -Lys were fit to hyperbolic eq 4 to obtain appar&pt mutant, perhaps in combination with an intermediary water
values for CH-Hfolate (Table 3). A hyperbolic dependence molecule, exhibited a 25000-fold decrease. Of the mutants,
on CH-Hjfolate was not observed for wild-type and the most significantly impaired (by 70000-fold) were the
Asp120Asn MTHFR (Table 3), as had been seen for theselarge, nonpolar Val and the large and, presumably, positively
enzymes in our previous studies at 268 (4, 18). In charged Lys. Taken together, these data suggest a general
comparison to the appareiy of the wild-type enzyme  correlation between catalytic efficiency and the negative
measured at 25C (11 &+ 1 uM) (4), increases in affinity ~ charge density at position 120, a finding consistent with a
from 1.4- to 15-fold were observed for mutants Asp120Ser, role for Asp 120 in electrostatic stabilization of the putative
-Ala, -Val, and -Lys (Table 3). The Asp120Asn mutant 5-iminium cation intermediate during catalysis.
demonstrated an apparetg of 21 £ 3 uM at 25°C (18). Our results indicate that Asp 120 functions in the binding
Our combined results at 25 and°@ indicate that, indeed, and reduction of CkH,folate. On the basis our stopped-
Asp 120 significantly participates in folate binding, a result flow data at 337 nm, we speculate further that Asp 120 may
consistent with findings for analogous aspartates in the folate-be involved in enforcing or binding to a catalytically
dependent enzymes dihydrofolate reduct&sg thymidylate competent conformation of GHH.folate, as proposed for
synthase §6), and bifunctional methylenetetrahydrofolate the analogous Asp 169 in thymidylate syntha2 63). In
dehydrogenase-cyclohydrolag), Moreover, the observed  our studies, a pre-steady-state species was detected at 337
trend in apparenky values (wild type~ Asn~ Ser < Ala nm for the wild-type enzyme (Figure 5B) and for the most
< Val ~ Lys) may be explained in terms of the weakening active Asp120Ala mutant (Figure 6B), but not for the most
ability of the mutant side chains to hydrogen bond to the severely impaired Asp120Lys mutant (data not shown). In
pterin ring of the folate molecule. In particular, compared addition, the formation of the complex in the Asp120Ala
to the wild-type enzyme [appareKy of 11 + 1 uM at 25 mutant, possibly aided by the hydrogen bonding of an
°C (4)], the Asp120Asn and -Ser variants, which could retain intermediary water molecule to the pterin, was slowed almost
hydrogen bonding to the pterin ring, reduce the affinity for 300-fold in Asp120Ala compared to the wild-type enzyme.
CH,-Hfolate minimally ¢~2-fold); the small Asp120Ala  Taken together, these results suggest that while Asp 120 is
enzyme, perhaps with the aid of an appropriately positioned not essential for formation of the complex, it aids signifi-
water molecule hydrogen bonded to the pterin, decreases theantly in its formation, probably via hydrogen bonding
affinity slightly more (5-fold), and the larger Asp120Val interactions with the pterin ring. Furthermore, these results
variant, which presumably has no hydrogen bonding ability show that the presence of the complex leads to a higher
and may cause steric interference, reduces affinity 11-fold. degree of catalytic competency in the Asp 120 mutant
Finally, a large decrease in the extent of folate binding (15- enzymes.

fold) for the Asp120Lys mutant similar to that for the Val In this paper, we have characterized the kinetic and
mutant suggests an influence from sterics in positioning of thermodynamic properties of five mutants®ef coli MTH-
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FR: Aspl120Asn, Aspl20Ser, Asp120Ala, Aspl20Val, and
Aspl120Lys. Our results establish a major role for Asp 120
in folate binding. Moreover, our finding that catalytic
efficiency is reduced in concert with the loss of negative
charge density at position 120 is consistent with a role for
Asp 120 in electrostatic stabilization of the 5-iminium cation
intermediate during catalysis.
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