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ABSTRACT. 5,10-Methylenetetrahydrofolate dehydrogenase (MTD) catalyzes the reversible oxidation of
5,10-methylenetetrahydrofolate to 5,10-methenyltetrahydrofolate. This reaction is critical for the supply
of one-carbon units at the required oxidation states for the synthesis of purines and dTMP. For most
MTDs, dehydrogenase activity is co-located with a methenyl-THF cyclohydrolase activity as part of
bifunctional or trifunctional enzyme. The ye&iccharomyces cafisiae contains a monofunctional NAD
dependent 5,10-methylenetetrahydrofolate dehydrogenase (yMTD). Kinetic, crystallographic, and muta-
genesis studies were conducted to identify critical residues in order to gain further insight into the reaction
mechanism of this enzyme and its apparent lack of cyclohydrolase activity. Hydride transfer was found
to be rate-limiting for the oxidation of methylenetetrahydrofolate by kinetic isotope experimémts, (

= 3.3), and the facial selectivity of the hydride transfer to NARas determined to be PR{A-specific).

Model building based on the previously solved structure of yMTD with bound NAD cofactor suggested

a possible role for three conserved amino acids in substrate binding or catalysis: Glul21, Cys150, and
Thrl51. Steady-state kinetic measurements of mutant enzymes demonstrated that Glu121 and Cys150
were essential for dehydrogenase activity, whereas Thr151 allowed some substitution. Our results are
consistent with a key role for Glu121 in correctly binding the folate substrate; however, the exact role of
C150 is unclear. Single mutants Thr57Lys and Tyr98GIn and double mutant T57K/Y98Q were prepared
to test the hypothesis that the lack of cyclohydrolase activity in yMTD was due to the substitution of a
conserved Lys/GIn pair found in bifunctional MTDs. Each mutant retained dehydrogenase activity, but
no cyclohydrolase activity was detected.

The cofactor tetrahydrofolate (THF)s used in a wide 5 Methyl-THF ———» Methionine ——» SAM
variety of one-carbon metabolic transfers. It can carry one- /'NAD+
carbon units in several oxidation states which include |
5-methyl (CH-THF), 5,10-methylene (CHTHF), 5,10- Serine  Glycine “=NADH
methenyl (CH-THF), and 10-formyl (CHO-THF) groups. g — >~ , 510 Methylene-THF—» Thymidylate (dTMP)
These groups can be interconverted to meet the metabolic NAD(P)*
needs of the cell (Figure 1). GHTHF makes up an estimated
30% of all cellular folates in mammalian cell$)(and sits NAD(P)H
at the intersection of the folate pathways. 5,10-Methylene- 5,10 Methenyl-THF
THF dehydrogenase (MTD) catalyzes the reversible oxida- ©r |~ H0
ATP  ADP+Pi b
s H
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niversity tation » University of_lexas al Austin, AUSUN, — ne_carbon units are largely brought into the system by the actions
rTn); iﬁgxzég/ggf' 512-471-5842; fax, 512-471-5849; e-mail, dappling@ ot serine hydroxymethyltransferase (SHMT) (EC 2.1.2.1) and 10-
: D . . formyl-THF synthase (FTHF Syn) (EC 6.3.4.3). Interconversion
* Present address: Western Regional Research Center, Agrlculturalof thg oxidatign states(of the onye-zzasrbon units gtre mediated by 5,-

Research Service, United States Department of Agriculture, 800
Buchanan Street, Albany, CA 94710. 10-methylene-THF reductase (MTHFR) (EC 1.5.1.20), 5,10-me-

1 Abbreviations: 2ME, 2-mercaptoethanol; BSA, bovine serum thylene-THF dehydrogenase (MTD), and 5,10-methenyl-THF cy-
albumin; CH, 5,10-methenyl-THF cyclohydrolase; £FHF, 5-meth- clohydrolase (CH) (EC 3.5.4.9). MTDs are either NADP-dependent
yltetrahydrofolate; CR#THF, 5,10-methylenetetrahydrofolate; CH (EC 1.5.1.5) or NAD-dependent (EC 1.5.1.15).

THF; 5,10-methenyltetrahydrofolate; CHO-THF, 10-formyltetrahydro- _ _ _
folate; MTD, 5,10-methylenetetrahydrofolate dehydrogenase; yMTD, tion of CHTHF to CH'-THF. In eukaryotes, methylene

yeast 5,10-methylenetetrahydrofolate dehydrogenase; THF, tetrahydro-T HF .dehydmgenase aCtiVity.iS typically found in a mU|.ti'
folate. functional enzyme. Yeast, birds, and mammals contain a
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Ficure 2: Stereogram of the active site of yYMTD. The X-ray structure of the yeast MNAD* complex was solved by Monzingo et al.

(13). The closed active site could not accommodate a folate substrate unless the N-terminal domain was rotated about a point near Met64
by 11-16° to superimpose with the corresponding domain of the human enzi/BeThe large NAD-binding domain is shown here as

a black Gx trace, while the rotated N-terminal domain is shown in lighter gray. The experimentally observed posibion is shown in

thick black bonds, as is a folate analogue (FOL) modeled from the human enzyme. The positions of three conserved residues, E121, C150,
and T151, are also shown; their positions rationalize their mutagenic investigation in this study. Three residues have been implicated in
cyclohydrolase activity in bifunctional forms of the enzyme. Those positions correspond to A50, T57, and Y98, also shown here.

trifunctional enzyme, called £THF synthase, that also mutation at Lys56, including K56T, the yMTD (Thr57)
contains methenyl-THF cyclohydrolase and 10-formyl-THF equivalent, eliminated cyclohydrolase activity. Likewise,
synthetase activitie®?). The synthetase activity is located mutations at GIn100 eliminated cyclohydrolase activity, but
in the 70 kDa C-terminal domain, whereas the dehydrogenaseresults for the yMTD equivalent (Tyr98) were not reported.
and cyclohydrolase activities are located in the-36 kDa Aspl25 (yMTD Glul21) serves in substrate binding, and a
N-terminal domain. Some mammalian cells express a 34 kDacarboxylic residue is essential at this position for both
bifunctional NAD-dependent methylene-THF dehydrogenase/ activities. Model building based on the X-ray structure of
methenyl-THF cyclohydrolas&). The yeasSaccharomyces yMTD (13) suggests the involvement of two additional
cerevisiae contains a 33 kDa cytoplasmic NAD-dependent highly conserved residues in the dehydrogenase mecha-
5,10-methylene-THF dehydrogenase (yMTH@) %) in ad- nism: Cys150 and Thr151. The positions of these residues,
dition to cytoplasmic and mitochondrial trifunctiona-CHF and the previously mentioned Glul21, in the yMTD active
synthase isozyme$,(7). However unlike other eukaryotic  site are shown in Figure 2. Finally, we hypothesized that
MTDs, yMTD lacks any appreciable cyclohydrolase activity the cyclohydrolase activity of monofunctional yMTD might
in vitro or in vivo and is therefore monofunctionad, (8). be restored by substituting Lys for Thr57 and GIn for Tyr98.
Results obtained from chemical modification studi®s- ( We report here kinetic, crystallographic, and mutagenesis
11) and from the kinetic comparison of three bifunctional studies to test this hypothesis and to identify key residues
MTDs (12) suggest that dehydrogenase and cyclohydrolasefor the dehydrogenase activity in order to gain further insight
activities are co-located in a single active site; however, into the reaction mechanism of this enzyme.
distinct residues are responsible for the individual activities.
Therefore, the alteration of key amino acid residues in the MATERIALS AND METHODS
monofunctional yMTD active site may be postulated as the  Materials Common reagents were high-grade commercial
cause for the apparent lack of cyclohydrolase activity. products. NAD, NADH, NADP*, NADPH, HEPES, CAPS,
Consistent with this notion, the X-ray crystal structures of MES, Bis-Tris propane, Tris-Cl, and 5-formyl-THF were
yMTD (13) and the bifunctional domain of the human purchased from Sigma (St. Louis, MO). 2-Mercaptoethanol
trifunctional (L4) enzymes have been found to be structurally was purchased from ICN (Costa Mesa, CA) and Triton X-100
very similar. from Calbiochem (La Jolla, CA). Formalitywas purchased
After the crystallographic results, two studies have been from CDN Isotopes (Quebec, Canada). Tetrahydrofolate was
reported for the bifunctional domain of the human trifunc- prepared by the hydrogenation of folic acid (Sigma) using a
tional enzyme, in which Tyr52, Lys56, GIn100, and Asp125 PtGO, catalyst and purification of the THF product on a DEAE
were identified as critical to both activitied5, 16). Tyr52 cellulose column (Sigmall7, 18). The preparation of @&S)-
(yMTD Tyr53) was implicated in substrate binding; Lys56 CH™THF from (6R,95-formyl-THF and of (&®,910-formyl-
(yMTD Thr57) and GIn100 (yMTD Tyr98) were proposed THF from the hydrolysis of (B,SCH*THF at pH 8.0 were
to work together in establishing an environment for hydride conducted as previously describdd), (6R,SCH,THF was
transfer, and Lys56 was suggested to participate as a protorprepared from (B,STHF and formaldehyde as previously
acceptor and donor in the cyclohydrolase reaction. Any describedZ0). Yeast alcohol dehydrogenase was purchased
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from Calbiochem (La Jolla, CA). Standard 96-well plates
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Structure Determination and Analysigolecular replace-

(#9017) were purchased from Corning-Costar (Cambridge, ment for the mutant proteins was performed using wild-type

MA).

Protein Purification Wild-type and mutants of the yeast
monofunctional cytoplasmic MTD were expressed and
purified as previously describe@@). Protein concentration
was determined by a Coomassie dye-binding aszBysing
bovine serum albumin (Sigma) as the standard.

Site-Directed MutagenesigMTD plasmid vectors were

yMTD (PDB accession number 1EDZ)L3) as a search
model. Molecular replacement solutions were determined
using MOLREP 24). Refinement of the resulting mutant
models was performed with the Crystallography and NMR
System (CNS) (version 1.1p%). The geometry of refined
models was assessed by PROCHEC)( Computations
were done on a Gateway Select SB computer (Poway, CA).

mutated using the Quik Change Site Directed MutagenesisModel visualization and rebuilding was done on a Silicon

kit (Stratagene, La Jolla, CA). Briefly, approximately 10 ng
of plasmid and 125 ng of each primer were combined with
reaction buffer (100 mM KCI, 100 mM (NHLSO;, 200 mM
Tris-HCI (pH 8.8), 20 mM MgS@® 1% Triton X-100, and 1
mg/mL BSA), 1 uL of dNTP mix, 2.5 U Pfu DNA
polymerase, and sterile deionized water ta/h0Reactions
were cycled with a denaturing temperature of°@for 30

s, a reannealing temperature of %5 for 1 min, and an
extension temperature of 68 for 10 min for 12-16 cycles

on a GeneAmp 2400 (Perkin-Elmer, Norwalk, CT) thermo-

Graphics Indy computer (Mountain View, CA) with the
program O 27).

5,10-Methylenetetrahydrofolate Dehydrogenase As8ay
cocktail of 2x buffer (166 mM K HEPES, pH 8.0, and 334
mM KCI) and 20 mM NAD' (stored at-20 °C) was created
by mixing 1 vol of each together. 5,10-Methylenetetrahydro-
folate (CH-THF) was made fresh for each experiment by
combining 6uL of a 1:10 (v/v) dilution of formaldehyde to
500uL of 10 mM (6RSTHF (stored under vacuum at’€
with 500 mM 2-mercaptoethanol). This mixture of formal-

cycler. Dpnl (10 U) was added to each reaction and incubatedgehyde and THF was incubated at 32 for 5 min and

at 37°C for 1 h todigest the methylated parental strand.
One microliter of reaction mixture was then added tq/&0
of Escherichia coliXL1-Blue super competent cells and

diluted 5-fold with 2.0 mL of deionized water before storing
on ice, away from the light. The yield of GHHF from
the reaction of formaldehyde and THF was determined by

placed on ice for 30 min. Cells were heat-shocked for 45 s go)ying the equilibria of THF, formaldehyde, and 2MVES),

at 42°C, placed on ice for 2 min, and then combined with
500 uL of NZY* broth (10 g of NZ aming5 g of yeast
extract 5 g of NaCl, 12.5 mM MgC}, 12.5 mM MgSQ,
0.2% glucose, and ddi to 1 L) preheated to 42C. Cells
were shaken for 1 h, and all 5@ of solution was plated
on LB + ampicillin plates. Plates were incubated at°&7
overnight and screened for colonies the following morning.
Mutants were confirmed by DNA sequencing of the entire
insert.

Crystallization Purified protein less than 2 weeks old was

concentrated with Centricon/Centriprep 10 Concentrators

(Millipore, Billerica, MA) in the elution buffer (25 mM Tris-
HCI, pH 7.6, 2 mM EDTA, 10 mM 2-mercaptoethanol, and
0.2 M KCl) to between 5 and 10 mg/mL. Crystallization of
the protein was described previousBp), and that procedure
was generally followed. The protein was crystallized from
10 to 20% PEG 4000 in 0.1 M Tris-HCI, pH 8.0, af@ in
sitting drop conditions. Crystals of the T151A mutant were
grown in the additional presence of 5 mM NADCrystals

resulting in a final concentration of 5 mM GHHF stock
in 500 mM 2ME.

A microplate assay was used for determination of kinetic
parameters of the wild-type and mutant enzymes. Sixty
microliters of the cocktail was added to each well of a 96
well microplate. yMTD enzyme was then added along with
deionized water to make a final combined volume of enzyme
and water of 2QuL. Blanks for each sample were always
run, in which acid was added before substrate. Reactions,
carried out at 37C, were initiated with 2Q:L of CH,-THF
diluted with water to 1 mM. Reactions were quenched with
2 vol (200uL) of 0.36 N HCI after 5 min, and the plate was
read at 350 nm on a Molecular Devices Spectramax 190
(Sunnyvale, CA). Blanks were subtracted, and nanomole
product was calculated from the absorbance at 350 nm.

For some studies, a continuous fluorescence assay was
used. In the fluorescence assay, &d0 of the desired
reaction mixture was placed in a cuvette and the reaction

were grown for at least 1 week and data taken within less initiated by the addition of 15@L of the protein sample.

than 6 weeks.
Data Collection and Processingrior to data collection,

The final assay concentrations were identical to those in the
96-well spectrophotometric assay. Samples were excited at

crystals were treated with cryoprotectant by transfer to 340 nm, and emission was read at 450 nm on a photon-

artificial mother liquor (20% PEG 4000 and 0.1 M Tris-
HCI, pH 8.0) containing increasing amounts of glycerol up
to 25% in steps of 5% (515 s per step). Crystals, mounted
in a nylon cryoloop (Hampton Research, Laguna Niguel,
CA), were flash-frozen by dipping in liquid nitrogen and
placed in the cold stream on the goniostat.

Diffraction data from crystals of the E121A, C150A, and
T151A mutants of yMTD were collected at 105 K with a

Mar345 image plate detector (Marresearch GmbH, Norder-

counting spectrofluorometer (model 8000, SLM Instruments,
Inc., Urbana, IL). The production of NADH was monitored
for 45 s, and the data from 15 to 30 s was used to determine
velocities. Initial velocities were calculated from the slope
of the plot of nanomoles of NADH produced versus time.
Kinetic constants were determined in the same manner as
described for the 96-well plate assay.

5,10-Methenyltetrahydrofolate Cyclohydrolase Assay-
clohydrolase activity was measured as described previously

stedt, Germany) with X-rays generated by a Rigaku RU200 (4). Briefly, 0.1 mM 5,10-methenyl-THF was incubated at

rotating copper anode generator (Molecular Structure Corp.,

The Woodlands, TX) operated at 50 kV, 100 mA. Diffraction

30 °C with yMTD in a 100 mM potassium maleate and 20
mM 2ME buffer at pH 7.4. Activity was monitored by

images were processed using DENZO, and data were reducedbserving the decrease in absorbance of the substrate at 355

and scaled using SCALEPACKJ).

nm up to 3 h.
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Determination of kg and kg for Wild-Type and Mutant
MTDs. For the determination of kinetic parameters for
NAD™, CH,-THF was kept in excess at 4@01; NAD * was
varied from 0.5 to 20 mM. For determination of GHHF
parameters, NAD was kept in excess at 8 mM; GHHF
was varied from 80 to 40@M. The final concentration of
protein was 85268 nM for all enzymes except for T151A,
which required micromolar concentrations. Time points were
fit using SigmaPlot to determine the slopé,).

Product Inhibition StudiesNADH and (R, SCH'THF

Wagner et al.

pH DependenceThe pH dependence of yMTD activity
was measured using both NARnNnd (R,SCH,THF. These
assays were conducted using the continuous fluorometric
method at 25°C with a final dimer enzyme concentration
of 14 nM. A tribuffer was prepared for these studies from
stock solutions consisting of equal concentrations of CAPS,
MES, and Bis-Tris Propane (all at 83.9 mM), containing 168
mM KCI and 33.6 mM 2-mercaptoethanol, adjusted to
various pHs. Assays were conducted at#$tb.5, 6.0, 7.0,
8.0, 9.0, 10.0, and 11.0. NADwas varied from 0.5 to 10

were examined as product inhibitors. Four sets of assays werénM at a constant (8,5)5,10-methylene-THF concentration

completed, and in each set, the effect onVhgandKy, of

of 285 uM. (6R,S)5,10-Methylene-THF was varied from 2

the varied substrate by the presence of an inhibitor wasto 784M at a constant NAD concentration of 2 mM.

measured. To determine the effect of NADH on tHg.x
andK, for (6R,SCH,THF, (6R,SCH,THF was varied from

0 to 150uM at a constant NAD concentration of 8 mM in
the presence of 0, 0.27, 0.54, 1.09, and 1.64 mM NADH.
To determine the effect of NADH on thé,.x and K, for
NAD*, NAD" was varied from 0 to 8 mM at a constant
(6R,SCH,THF concentration of 452M in the presence of

0, 0.54, 1.64, and 7.57 mM NADH. Assays were conducted
using the 96-well plate method at 2&, pH 8.0 (HEPES),
with a final protein concentration of 28 nM.

To determine the effect of BS)CHTHF on theVmaxand
Km for (6R,SCH,THF, (6R,SCH,THF was varied from 0
to 150uM at a constant NAD concentration of 8 mM in
the presence of 0, 4, 10, and 181 (6R,SCH'THF. To
determine the effect of @S CH THF on theVmax andKy,
for NAD*, NAD" was varied from 0 to 6 mM at a constant
(6R,SCH,THF concentration of 452M in the presence of
0, 2.6, and 5.4M (6R,S9CH"THF. Assays were conducted
using the fluorometric method at 2%&, pH 8.0 (HEPES),
with a final dimer enzyme concentration of 14 nM.

For inhibition studies, the values &f;, Kis, or K; were
determined by curve-fitting the substrateelocity data to

the appropriate equation using a nonlinear least-squares

procedure in MathCad Plus (Mathsoft, Inc., Cambridge MA).
Equations 1 and 2 are for mixed (noncompetitive) and
competitive inhibition, respectivel\20).

V= Vinad SH(Kn(1 + [l Kig) + [SIL + [IVK;) (1)

v = Vo SH(K (1 + [IVK)) + [S]) 2)
Other Inhibitor Studies(6R,S10-Formyl-THF, formate,
NADP*, and NADPH were also examined as potential

inhibitors of yMTD. For (6:,910-formyl-THF inhibition
studies, NAD was varied from 0.5 to 8 mM in the presence
of 0, 130, or 260uM (6R,S10-formyl-THF at a constant
(6R,9CH,THF concentration of 459%M. For formate
inhibition studies, NAD was varied from 0.5 to 8 mM in
the presence of 0, 1, or 10 mM formate at a constaR{3)6
CH,THF concentration of 458M. For NADP" and NADPH
inhibition studies, NAD and (6},9CH,THF were at a
constant concentration of 2 mM and 4b®1, respectively.
NADP* was varied from 1.0 to 12 mM, and NADPH was
varied from 0.6 to 6 mM. For ®,510-formyl-THF and
formate inhibition studies, the fluorometric method was used,
and for NADP" and NADPH inhibition studies, the 96-well
plate assay was used. Assays were conducted &€ 2pH
8.0 (HEPES).

Kinetic Isotope Effect Using CIPHF. [Methylene?H]-
(6R,9-5,10-methylene-THF [[®B,SCD,THF] was used as
the labeled substrate to measure the kinetic isotope effect.
(6R,SCD,THF was prepared in the same manner &35,-
10-methylene-THF, described above, but using formalin-D
in place of formaldehyde. All assays were conducted using
the 96-well plate method at 2%, pH 8.0 (HEPES), with a
final protein concentration of 55 nM. To determine the effect
oNn Vimax and Ky, when (R, §CD,THF was used in place of
(6R,SCH,THF, four series of assays were completed. The
first two used (®,SCD,THF, and the other two usedRfD)-
CH,THF for comparison. To measuin.x and Kp, when
(6R,SCD,THF or (6R,S9CH,THF was varied, the NAD
concentration was held constant at 2 mM, while the folate
substrate was varied from 2 to 16M. To measure the effect
on Vmax andKy, when NAD" was varied, NAD was varied
from 0.125 to 4 mM in the presence ofRE&)CH,THF or
(6R,9CD,THF at 150uM. The pH dependence of the kinetic
isotope effect was determined using the continuous fluoro-
metric method at 28C with a final dimer enzyme concen-
tration of 14 nM. Assays were conducted at ptb.5, 6.0,

7.0, 8.0,9.0,10.0, and 11.0R®)CD,THF was varied from

2 to 78uM at a constant NAD concentration of 2 mM.
Determination of Facial Selecity of the Hydride Transfer

to NAD". The facial selectivity of the hydride transfer was
determined using a method based on the procedure described
by Arnold et al. 80). Briefly, NAD " was reduced by yMTD
using (R, 9CD.THF as the substrate to give labeled N&D

The NAD’H was then oxidized by acetaldehyde in the
presence of yeast alcohol dehydrogenase (an A-stereospecific
enzyme), and proton NMR was used to determine if the
resulting NAD" product retained or lost deuterium at the 4
position. If the product is NAD, yMTD has the same facial
selectivity as yeast alcohol dehydrogenase. Conversely, if
the product is [#H]NAD*, yMTD has the opposite facial
selectivity.

The reaction mixture contained 0mol of (6R,SCD,-
THF (prepared as described above)hdol of NAD*, 100
umol sodium arsenate, and 1@@hol Tris-Cl, pH 8.8, in a
final volume of 30 mL. The reaction was initiated with the
addition of 20ug of yMTD. After proceeding for 50 min at
room temperature, the reaction was terminated with the
addition d 1 N LiOH to a final pH of 12. The reaction was
placed in a boiling water bath for 90 s to destroy any
remaining NAD". The reaction was then cooled to room
temperature and the pH adjusted to 7 gsinN HCI. Five
hundred microliters of CECHO (neat) and 3 mg of yeast
alcohol dehydrogenase were added to the reaction to oxidize
NAD?H. The reaction was monitored at 340 nm, and when
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Table 1: Inhibition Studies 60
varied substrate inhibitor Kis (uM) Kii (uM) inhibition

(6RSYCH,;THF CH'THF 43+ 1.0 7.6+0.8 mixed
(6RSCH,THF NADH 16004+ 120 3004 13 mixed
NAD* CH*THF 10+£0.25 2.4+0.7 mixed
NAD* NADH 5600+ 250 1500+ 90 mixed
NAD* 10-formyl-THF 1600+ 410 600+ 200  mixed

50

40+
30+
20+

Vmax, hmol/mg/s

10

v
there was no further decrease in fluorescence, the pH was 0 6 8 10 12

lowered to 2 with concentrated HNCand the sample pH

lyophilized. The orange residue was redissolved in 1 mL of

D,0 and extracted twice with 4 mL of GBIl,. The sample 7 .

was dissolved three times in,0 and lyophilized. The B
sample was finally dissolved in 500 of D,O and filtered, 5-
andH NMR spectra were acquired on a Varian 300 MHz

NMR with dioxane added as an internal standard. A total of Vi/Vp
480 transients were taken.

RESULTS 17 *

T T T

Kinetic Analysis and Inhibitor Studies of Recombinant 6 8 10 12
yMTD Using the 96-Well and the Continuous Fluorometric pH
Methods The traditional assay for GHTHF dehydrogenase  Ficure 3: pH dependence of kinetic isotope effect. (AR(®)-
is based on the production of CHFHF (E = 24 900 M! CH,THF (m) or (6R SCD.THF (a) was the variable substrate, and

; ; ; NAD* was kept at saturating levels. (B) Plot\&f/Vp (®) vs pH
at 350 nm) and typically requires relatively large assay using values derived from data in panel A. Data were acquired

volumes £0.5 mL) that must be manually transferred into gjng the fluorometric assay at 28, with a final dimer enzyme
a cuvette for measurement. In an effort to reduce the assayconcentration of 14 nM.

volume and streamline the procedure, a 96-well plate assay

was developed. This method required only Z0(er assay, exhibited aVy/Vp value of 3.3 at pH 8, with\(/K.,)u/(V/
and the absorbance was directly measured using a platek,,)p for NADT and (R,S)CH,THF of 7.1 and 3.3, respec-
reader, thus, eliminating the transfer step. The utilization of tively. The pH dependence of yMTD, measured for both
a multichannel pipet with this method allowed for rapid setup NAD* and (&R,9CH,THF, was parabolic in shape, with
of a complete kinetic series. maximal activity exhibited between pH 8 and 10 (Figure 3A).

While the 96-well plate assay is useful for routine kinetic The pH dependence of the kinetic isotope effect was also
studies, it could not be used for product inhibition studies measured to examine if the rate-determining step or mech-
when CH-THF was examined as a product inhibitor. We anism changed with pH. Whew./Vp was plotted versus
found that neither CHTHF nor CH"-THF interfered with pH, it was found that the isotope effect decreased going from
the fluorometric measurement of NADH. Following this low to high pH (Figure 3B).
observation, we developed a continuous fluorometric assay The facial selectivity of the hydride transfer was deter-
based on the production of NAD(P)H. Both the fluorometric mined using a method based on the procedure described by
method and the 96-well plate method were linear over a wide Arnold et al. 30). The H NMR spectrum of the NAD
range with a detection limit under 0.5 nmol of the product produced from [methylen&H]-(6R,S)-5,10-methylene-THF
measured. Both methods allowed for the rapid determination after treatment with yeast alcohol dehydrogenase revealed
of Vmax and Ky, and the results were quite comparable loss of the deuterium (data not shown). Thus, the facial
between the two assays and similar to values obtained byselectivity of the hydride transfer catalyzed by yMTD was
the traditional cuvette assag)( the same as yeast alcohol dehydrogenaseRPro-

NADH and (RSCH'THF were examined as product  Kinetics of Actie Site Mutants Modeling of folate
inhibitors when either (8, SCH,THF or NAD* was varied.  substrates, based on inhibitor complexes observed for
The fluorescence assay was used to measure the effect opifunctional MTD (15), suggested a possible role for three
(6RYCH'THF, and the 96-well plate assay was used to conserved amino acids in substrate binding or catalysis; these
measure the effect of NADH. Four sets of assays were are Glu121, Cys150, and Thri51 (Figure 2). Multiple site-
completed, and in each case, the data fit best to the equatioriirected mutations were made at each of these positions in
for mixed inhibition (Table 1). These results are consistent yMTD. Wild-type yMTD cultures produce about 20 mg/L
with a random sequential mechanism for yMTDR($)10- of media, while the mutants produced from 1 to 10 mg/L.
Formyl-THF, formate, NADP, and NADPH were also  Figure 4 shows the steady-state kinetic assays for wild-type
examined as potential inhibitors of yMTD. Formate, NADP  yMTD and several mutants. The parameters derived from
and NADPH had no effect on activity (data not shown). these curves are displayed in Table 2. Converting Glu121
However, (&,910-formyl-THF was found to be a mixed to an aspartate (E121D) increased g for NAD* by a
inhibitor, affecting bothVyax and Ky, (Table 1). factor of 2 and increased th&, for the CH-THF substrate

A kinetic isotope effect was observed using [methylene- more than 5-fold. Thek.y, or turnover number, is also
’H]-(6R,9)-5,10-methylene-THF as the deuterated substrate, decreased about 2-fold; taken together withKhedata, the
indicating hydride transfer as the rate-limiting step. yMTD E121D mutant exhibits roughly 10% of the wild-type activity.
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FIGURE 4: Steady-state kinetics of wild-type and mutant yMTDs.
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(6R,9CH,THF concentration in the presence of saturating concen-
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Table 2: Steady-State Kinetic Parameters for Wild-Type and
Mutant MTDs

% WT
K for KealKm
(6R9CH,THF Ky for NAD* Keat (CH,THF
MTD (uM) (mM) ((mol/mol)/sec) activity)
WT 78+ 5 23+0.3 3.2+ 0.44 100.0%
E121D 418+ 6 4+04 1.7+ 0.08 10.1%
E121Q ND ND?2 ND2 ND2
E121A ND? ND? ND? ND?
C150S ND ND2 ND?2 ND2
C150A ND? ND? ND? ND2
T151A 49+ 4 2.14+0.3 0.6+ 0.01 28.1%
T151VvV ND? ND2 ND2 ND2

aND, activity not detectable.

When Glul21 was converted to the isosteric glutamine
(E121Q) or to alanine (E121A), the enzyme activity dropped
to under 1% of wild-type levels and steady-state kinetic

parameters could not be accurately assessed with this assa?0

(Table 2).

We made two mutations of Cys150, C150S and C150A.
Neither had sufficient residual activity to accurately deter-
mine steady-state parameters. A desssponse using in-

Wagner et al.

4). It showed &, that was 2-fold lower than wild-type for
the folate substrate, k&, identical to the wild-type for NAD
but had a 5-fold lower turnover number (Table 2).

X-ray Structure of Actie Site Mutants A concern in
interpreting the kinetic behavior of enzyme mutants is that
the mutation may have altered the protein structure; it may
be that such structural changes, rather than changes in
chemical properties, account for the kinetic differences. To
test this, we crystallized yMTD mutants with an Ala
substituted at each active site position under study and
subjected them to X-ray analysis. The X-ray data for E121A,
C150A, and T151A are summarized in Table 3. The crystal
parameters are similar to those of wild-type, which had space
groupP4,2,2, with a= b = 75.9 A andc = 160.0 A @2).
However, none of the mutant crystals is perfectly isomor-
phous with the wild-type, and each was phased by molecular
replacement. The overall fold of each mutant was very
similar to that of wild-type; for example, thedCpositions
of the E121A mutant superimposed on those of the wild-
type with an rms deviation of 0.78 A. The electron density
maps were of intermediate quality. Figure 5 shows the map
in the active site area of the E121A mutant. The density fits
the Alal21 side chain perfectly. One would expect that a
difference map of the formFyid—type — Fe1214) Would show
density for the side chain beyond th@,Gnd indeed this is
so (map not shown). However, the mutant crystal is not
perfectly isomorphous with wild-type, and so, the difference
density map also shows dozens of other peaks of nearly the
same amplitude and volume scattered around the cell. The
folding for the C150A and the T151A mutants are also
essentially identical to the wild-type, and the main differences
are at the site of the point mutations (maps not shown).

Kinetics of Cyclohydrolase Mutation&s mentioned in
the Introduction, most MTDs are part of bi- or trifunctional
enzymes which include 5,10-methenyl-THF cyclohydrolase
activity. When formyl-THF is formed by the 10-formyl-THF
synthetase activity (Figure 1), the cyclohydrolase activity
catalyzes its conversion to 5,10-methenyl-THF, the substrate
for MTD; the cyclohydrolase activity can also be measured
in the reverse direction. Yeast MTD lacks the cyclohydrolase
activity (4), and a comparison with the structure of the
N-terminal domain of the human trifunctional enzynig)(
was made to rationalize this fadt3). Three residues thought
to be involved in the binding of water, or in catalysis of the
cyclohydrolase reaction, reside in the N-terminal domain of
the human enzyme; these are Ser49, Lys56, and GI{#)0 (
The nucleophilic water is thought to be bound between Ser49
and GIn100, while Lys56 serves to activate the water,
presumably by polarizing it toward hydroxide character. The
rresponding residues in yMTD are Ala50, Thr57, and
yr98. These residues were mutated to the human ones singly
and in combination, and the cyclohydrolase activity was
measured. None of the yMTD mutants produced any
cyclohydrolase activity over the buffer-catalyzed rate. We

creasing amounts of enzyme suggested the C150 mutant&iso tested the dehydrogenase activity of these mutants.
had less than 0.25% of wild-type activity (data not shown). Converting Thr57 to Lys did not affect the dehydrogenase
We also made two mutations to Thr151, T151V and T151A. activity, and converting Ala50 to Ser decreased activity 50%.
The valine mutant had no detectable activity, but the Ala However, converting Tyr98 to GIn reduced activity more
mutant had roughly one-quarter of wild-type activity (Figure than 30-fold (Table 4).



Yeast Monofunctional Methylenetetrahydrofolate Dehydrogenase Biochemistry, Vol. 44, No. 39, 2009.3169

Table 3: Data Collection and Refinement Statistics for Mutant yMTDs

E121A C150A T151A
space group P4:2,2 P4,2,2 P4,2,2
cell parameters (A) a=b=758c=159.8 a=b=74.24c=154.08 a=b=74.8c=159.8
resolution (A) 2.9 3.8 3.1
Rierge 0.078 (0.38) 0.223 (0.55) 0.077 (0.48)
reflections 10833 (1135) 4105 (402) 8332 (811)
llo 18.5(3.8) 4.2 (2.0) 17.6 (3.5)
completeness (%) 97 82 99
redundancy 4.1 3.0 6.6
Rworking 0.25 0.29 0.24
Riree 0.30 0.34 0.30
rmsd bonds 0.009 0.006 0.014
rmsd angles 1.620 1.103 2.521

aValues in parentheses are statistics for the last shell.

1303

Ficure 5: Electron density map for the E121A mutant. This stereogram shows electron density centered at the site of the E121A mutation.
The map has coefficients of the fornF2— F. and is contoured at theollevel; the protein bonds are shown as thick black lines. The
density for the Alal21 side chain is clearly defined. The position of the E121 residue from the wild-type model is superimposed as a lighter
gray-bonded structure; there is clearly no electron density for it in the mutant map.

Table 4: Cyclohydrolase Activity of Mutant yMTDs isotope effect of 2.5 was determined for the NADP'
oyclohydrolase % wild-type dependent 5,10-methylene-THF dehydrogenase activity of
activity dehydrogenase the yeast cytosolic £THF synthase (data not shown).
protein ((hmol/min)/mg) activity The isotope effect\(4/Vp) was found to be pH dependent,
A50S ND? 45 decreasing when going from low to high pH (Figure 3). This
T57K ND? 100 observation suggests that, as the pH increases, hydride
Y98Q ND? 3 transfer ceases to be the rate-determining step. Some other
A50S/T57K ND* 100 in th ) h b bindi d
A50S/Y98Q ND 8 step in the reaction, perhaps substrate binding or product
T57K/Y98Q ND? 2 release, becomes rate-limiting above pH 10.
AS0S/T57KIY98Q ND 3 The facial selectivity of the hydride transfer to NAvas
2 ND, activity not detectable. determined to be Pr& (A-specific). This is the same
stereochemical preference exhibited by the NARRRpend-
DISCUSSION ent 5,10-methylene-THF dehydrogenase activity of the

Earlier kinetic studies suggested that the yeast monofunc-cYtoplasmic G-THF synthase from yeasBl). This selectiv-
tional MTD proceeds through a sequential reaction mecha- !ty is consistent with the orientation of theT nlcotmam.lde ring
nism @). Product inhibition studies conducted here are also I" the YMTD X-ray structure3). The A-side of the ring is
consistent with a sequential mechanism, in which the order facing the open cleft where the folate cofactor binds,
of substrate binding and product release is random. The pHPOSitioned to accept the hydrogen from the methylene group.
dependence for both substrates was parabolic in shape, with Efforts to obtain an X-ray structure of the yeast mono-
maximal activity exhibited between pH 8 and 10, as functional MTD in complex with a folate-based substrate
previously reported4). A kinetic isotope effect\(u/Vp) of analogue have been unsuccessful. However, modeling of
3.3 was measured for the oxidation of [methyléHg(6R,S)- such analogues based on inhibitor complexes seen for the
5,10-methylene-THF, indicating that hydride transfer is rate- human bifunctional MTD 15) suggested that three amino
limiting in the yMTD-catalyzed reaction. This value is similar acids, conserved in this enzyme family, could be important
to the kinetic isotope effects reported for several other 5,- for substrate binding or catalysis. We made a number of
10-methylene-THF dehydrogenase$2,( 15). A kinetic mutations for Glul121, Cys150, and Thrl51. Our X-ray



13170 Biochemistry, Vol. 44, No. 39, 2005 Wagner et al.

structure suggested that Thr151 contacted the nicotinamidethe dehydrogenase/cyclohydrolase domain of the human
ring of NAD, and we anticipated that mutations at this cytoplasmic trifunctional GTHF synthase had little or no
position would primarily effect the binding of the cofactor. effect (15). The more dramatic effect seen for the C150S
In fact, theK,, for NAD was unaffected by mutation to Ala, mutation in yMTD is difficult to rationalize, but it may be
the only mutation for which steady-state kinetic data could that the bulkier sulfur atom plays a more critical structural
be measured. Thi,, for the CH-THF substrate improves role in maintaining active site integrity. We were able to
slightly, but this 30% change is probably not significant. The form only poor crystals of the C150A mutant, and they
major effect of the T151A mutation was dg,, which diffracted to only abou4 A resolution. This is not adequate
decreased more than 5-fold. This could be interpreted asto make a clear assessment of atomic shifts in the mutant.
meaning that the smaller methyl side chain causes a minorThe poor diffraction and lack of isomorphism with native
reorientation of the nicotinamide ring which slightly retards MTD are consistent with the notion that the structure is
hydride transfer. perturbed by the mutation.

We anticipated that Glu121 would be an important active  Our efforts to generate cyclohydrolase activity in yMTD
site residue. Although many bifunctional and trifunctional were unsuccessful. We converted three residues thought to
MTDs have an aspartate at this position, the carboxylate isbe important to that activity, individually and collectively,
invariant. Our modeling suggested that the longer Glu side to the bifunctional active site residues. None of the mutants,
chain in the yeast MTD positioned the carboxylate in a including one bearing all three changes, generated convincing
similar position to that of the Asp side chain in the human cyclohydrolase activity. No doubt, the cyclohydrolase active
bifunctional enzymeX5). The side chain would then be in  site has been altered in yeast MTD by other subtle changes
position to interact with the edge of the pterin ring at N3 which do not allow these residues to be arranged in a useful
and at the exocyclic amine of C2 of the pterin. Such an fashion. Some of the mutations aimed at generating cyclo-
arrangement is seen in many folate-binding enzymes. Prob-hydrolase activity did affect the dehydrogenase activity. In
ably, the archetype is the family of dihydrofolate reductases particular, those proteins in which Y98 was converted to GIn
where an invariant carboxylate residue receives hydrogenreduced activity 12- to 50-fold (Table 4). It is interesting
bonds from N3 and the exocyclic amine of the folad@)( that when the corresponding GIn in the human bifunctional
When we converted the yeast Glul21 residue to Asp, the enzyme was mutated to Ala or Met, cyclohydrolase activity
dehydrogenase activity was reduced 10-fold (Table 2); the was abolished, but dehydrogenase activity was also decreased
negative charge is conserved, but it is pulled back from the to about 20% of wild-typeX6). This is consistent with the
folate substrate. Conversion of Glu121 to the isosteric GIn notion that this position may be structurally sensitive,
eliminated any measurable activity, suggesting that the although a molecular rationalization for this observation
charged species is essential to function. Similar results werecannot be made.
reported for the corresponding Asp125 of the DC domain It has been proposed that Lys56 of the human bifunctional
of the human G THF synthaseX6). The native carboxylate  enzyme, equivalent to position 57 in our yeast structure, was
is an excellent hydrogen bond acceptor, while the substitutednot only involved in cyclohydrolase activity, but also formed
GlIn presents both a hydrogen bond acceptor and a donor at covalent intermediate in the dehydrogenase mechanism
this critical position. This may misalign the folate group (15). This is an unlikely proposition since the yeast enzyme,
slightly, retarding hydride transfer to NAD. which is clearly a homologue, lacks a Lys at this position;

Alternatively, one might speculate that the carboxylate this would seem to eliminate a mechanism with such a
plays a catalytic role in the dehydrogenase reaction. Hydride particular need. In any case, mutating Thr57 to Lys had no
transfer converts the GHTHF to CH™-THF, which has a  effect on the dehydrogenase activity (Table 4) and confirms
formal positive charge at N5 of the pterin. The hydride that a covalent intermediate between this residue and the
transfer might therefore be facilitated by electrons being folate substrate is not a part of the dehydrogenase mecha-
donated into the pterin ring, and a carboxylate would be nism.
much better at this function than would an amide. This notion
is given support by studies on methylenetetrahydrofolate ACKNOWLEDGMENT
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