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Background: Mitochondria produce one-carbon units for cytoplasmic nucleotide and methyl group synthesis.

Results: MTHFD2L uses both NAD ™ and NADP™ and is expressed in embryonic tissues during neural tube closure.
Conclusion: This cofactor specificity allows for rapid response to changing metabolic conditions.

Significance: These findings help explain why mammals possess two distinct mitochondrial isozymes that switch expression

during neural tube closure.

Mammalian mitochondria are able to produce formate from
one-carbon donors such as serine, glycine, and sarcosine. This
pathway relies on the mitochondrial pool of tetrahydrofolate
(THF) and several folate-interconverting enzymes in the mito-
chondrial matrix. We recently identified MTHFD2L as the
enzyme that catalyzes the oxidation of 5,10-methylenetetrahy-
drofolate (CH,-THF) in adult mammalian mitochondria. We
show here that the MTHFD2L enzyme is bifunctional, possess-
ing both CH,-THF dehydrogenase and 5,10-methenyl-THF
cyclohydrolase activities. The dehydrogenase activity can use
either NAD™ or NADP* but requires both phosphate and Mg>*
when using NAD*. The NADP*-dependent dehydrogenase
activity is inhibited by inorganic phosphate. MTHFD2L uses the
mono- and polyglutamylated forms of CH,-THF with similar
catalytic efficiencies. Expression of the MTHFD2L transcript is
low in early mouse embryos but begins to increase at embryonic
day 10.5 and remains elevated through birth. In adults,
MTHFD2L is expressed in all tissues examined, with the highest
levels observed in brain and lung.

Folate-dependent one-carbon (1C)*> metabolism is highly
compartmentalized in eukaryotes, and mitochondria play a
critical role in cellular 1C metabolism (reviewed in Ref. 1). The
cytoplasmic and mitochondrial compartments are metaboli-
cally connected by the transport of 1C donors such as serine,
glycine, and formate across the mitochondrial membranes in a
mostly unidirectional flow (clockwise in Fig. 1). In mitochon-
dria, the 1C units are oxidized to formate and released into the
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cytoplasm, where the formate is reattached to tetrahydrofolate
(THEF) for use in de novo purine biosynthesis or further reduced
for either thymidylate synthesis or remethylation of homocys-
teine to methionine. The 1C unit interconverting activities rep-
resented in Fig. 1 by reactions 1-3 (Im—3m in mitochondria)
are catalyzed by members of the methylenetetrahydrofolate
dehydrogenase (MTHFD) family in eukaryotes. The cytoplas-
mic MTHFDI protein is a trifunctional enzyme possessing
10-formyl-THF (10-CHO-THEF) synthetase, 5,10-methenyl-
THF (CH"-THF) cyclohydrolase, and 5,10-methylene-THF
(CH,-THF) dehydrogenase activities (Fig. 1, reactions 1-3).

In contrast to the single trifunctional enzyme found in the
cytoplasm, three distinct MTHED isozymes, encoded by three
distinct genes, are now known to catalyze reactions 1m—3m
(Fig. 1) in mammalian mitochondria. The final step in the mam-
malian mitochondrial pathway to formate (Fig. 1, reaction 1m)
is catalyzed by MTHFDI1L, a monofunctional 10-CHO-THF
synthetase (2). The CH,-THF dehydrogenase reaction (Fig. 1,
reaction 3m) is catalyzed by two homologous enzymes,
MTHFD2 and MTHFD2L. MTHFD2 was initially identified in
1985 as an NAD " -dependent 5,10-methylene-THF dehydro-
genase (3). Upon purification, this protein was found to be a
bifunctional enzyme (4), also possessing CH™-THF cyclohy-
drolase activity (Fig. 1, reaction 2m). This enzyme, now referred
toas MTHFD2, has been extensively characterized with respect
to kinetics, substrate specificity, and expression profile (3,
5-10).

In 2011 we reported the discovery of a new mammalian mito-
chondrial CH,-THF dehydrogenase, termed MTHFD2L (11).
MTHEFD2L is homologous to MTHFD2, sharing 60 — 65% iden-
tity. Recombinant rat MTHFD2L exhibits NADP " -dependent
CH,-THF dehydrogenase activity when expressed in yeast (11),
but the enzyme was not purified in that study. In addition, it
could not be determined whether MTHFD2L was bifunctional
because CH'-THF cyclohydrolase assays are unreliable in
crude extracts. This new isozyme is expressed in adult mito-
chondria (11), whereas MTHFD?2 is expressed only in trans-
formed mammalian cells and embryonic or nondifferentiated
tissues (3).

JOURNAL OF BIOLOGICAL CHEMISTRY 15507



MTHFD2L Exhibits Dual Redox Cofactor Specificity

Cytoplasm Mitochondria
Folate / Folate \
AdoMet +—Met
THF glycolysns THE
serlne - serine A
CH3 THF I am
glycine < glycine
c , -THF THF \l\—.‘r’ CH,-THF
dTMP ‘ NADP* NAD(P)* =2
CO, +NH, 3m =
NADPH NAD(PH | E
CH* -THF CH* -THF E
A ]
2 2""* =
purines = CHO-THF CHO-THF
f A ADP + P, ADP + P,
1 m
THF ATP ATP

formate formate

-~ - /

FIGURE 1. Mammalian one-carbon metabolism. Reactions 1-4 are in both
the cytoplasmic and the mitochondrial (m) compartments. Reactions 1, 2,
and 3, 10-formyl-THF synthetase, 5,10-methenyl-THF cyclohydrolase, and
5,10-methylene-THF dehydrogenase, respectively, are catalyzed by trifunc-
tional C;-THF synthase in the cytoplasm (MTHFD1). In mammalian mitochon-
dria, reaction 1m is catalyzed by monofunctional MTHFD1L, and reactions
2m and 3m are catalyzed by bifunctional MTHFD2 or MTHFD2L. Reactions 4
and 4m are catalyzed by serine hydroxymethyltransferase and reaction 5 by
the glycine cleavage system. Gray ovals represent putative metabolite trans-
porters. Hcy, homocysteine; dTMP, thymidylate.

The existence of these two CH,-THF dehydrogenases
(MTHFD2 and MTHFD2L) in mammalian mitochondria raises
several questions. Do the two enzymes differ in their catalytic
activity or in their substrate or cofactor specificity? Do they
differ in their tissue distribution or expression profiles? To
answer these questions, we report here the purification and
kinetic characterization of MTHFD2L and its embryonic and
adult gene expression profiles. We show that MTHFD2L pos-
sesses CH'-THF cyclohydrolase activity and can use either
NAD™ or NADP™ in its CH,-THF dehydrogenase activity.
MTHED2L is expressed during mouse embryonic develop-
ment, and there appears to be a switch from MTHFD2 to
MTHEFD2L expression at about the time of neural tube closure.
A comparison of the enzymatic characteristics and expression
profiles of MTHFD2 and MTHFD2L revealed differences that
may shed light on the roles of these two isozymes in adult and
embryonic 1C metabolism.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—All reagents were of the highest
commercial grade available. NAD™ and NADP™ were pur-
chased from U.S. Biological (Swampscott, MA) and Sigma,
respectively. HRP-conjugated goat anti-rabbit IgG was from
Invitrogen, and the ECL Plus chemiluminescence detection kit
was from GE Healthcare Life Sciences. Polyclonal antibodies
specific for MTHFD2L were produced in rabbits by the Dept. of
Veterinary Sciences, M. D. Anderson Cancer Center, Bastrop,
TX. THF was prepared by the hydrogenation of folic acid
(Sigma) using platinum oxide as a catalyst and purification of
the THF product on a DEAE cellulose column (Sigma) (12, 13).
CH,-THF was prepared nonenzymatically from THF and
formaldehyde (Fisher) (14). The yield of CH,-THF was deter-
mined by solving the equilibria of THF, formaldehyde, and
B-mercaptoethanol (15). The preparation of CH"-THF from
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5-CHO-THF (MP Biomedicals, Solon, OH) was conducted
as described previously (16). Oligonucleotide primers were
obtained from Integrated DNA Technologies (Coralville, IA).
Tetrahydropteroylpentaglutamate (H,PteGlus) was prepared
by a modified NaBH, reduction from the corresponding
pteroylpentaglutamate (PteGlu,) (Schircks Laboratories, Jona,
Switzerland), as described previously (17). Further preparation
of 5,10-CH,-H,PteGlu; was accomplished by incubation with
formaldehyde as described previously (14).

Mice—All animals used within this study were maintained
according to protocols approved by the Institutional Animal
Care and Use Committee of The University of Texas at Austin
and conform to the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Cloning of Rat MTHFD2L—RNA isolation and cDNA con-
struction of rat MTHFD2L were conducted as described previ-
ously (11). Removal of the mitochondrial targeting sequence
from the full-length rat MTHFD2L cDNA was accomplished by
PCR amplification using primers rMTHFD2LA1-40_forward
(5'"-GTCATCACCATCACCATCACGGATCCATGGCGAC-
GCGGGCC-3" and rM THFD2LA1-40_reverse (5'-ACCTTA-
GCGGCCGCAGATCTGGTACCCTAGTAGGTGATATTC-
T-3') (start codon is in bold, and underlined portions are
complementary to the rat MTHFD2L cDNA). The mitochond-
rial targeting sequence (amino acids 1-40) was predicted by
MitoProt (18). The resulting PCR-amplified fragment was
cloned into the pET22b vector (Novagen, EMD Biosciences).
The pET22b-rMTHFD2LA1-40 was further subcloned into a
YEp24-based yeast expression vector containing the Saccha-
romyces cerevisiae MET6 promoter using sequence- and ligat-
ion-independent cloning (17, 19). The YEp24 vector was mod-
ified to include a multiple cloning site and an N-terminal His,
tag (11). This construct (YEp24-rMTHFD2LA1-40) should
produce a protein of 307 residues (N-terminal Met + 2 Gly + 6
His + 298 MTHFD2L residues) with a calculated molecular
mass of 33,180 kDa.

Expression and Purification of MTHFD2L—The YEp24-
rMTHFD2LA1-40 construct was transformed into yeast strain
MWY4.4 (serl ura3-52 trpl his4 leu2 ade3— 65 Amtd1) using a
high efficiency lithium acetate yeast transformation procedure
(20, 21). Transformed cells were grown in synthetic minimal
medium (YMD) containing 0.7% (w/v) yeast nitrogen base
without amino acids (Difco Bacto) and 2% (w/v) glucose sup-
plemented with L-serine (375 mg/liter), L-tryptophan (20 mg/li-
ter), L-histidine (20 mg/liter), L-leucine (30 mg/liter), and ade-
nine (20 mg/liter). Cultures were grown at 30 °C in a rotary
shaker at 200 rpm and were harvested at 3—4 A, by centrifu-
gation at 8000 X g for 5 min at 4 °C. The cell pellet was sus-
pended in 2 ml of 25 mm Tris-Cl (pH 7.5) containing 1% (w/v)
sodium carbonate, 10 mm B-mercaptoethanol, and 1 mm phe-
nylmethanesulfonyl fluoride (PMSF)/gram wet weight. The
suspended cells were disrupted with glass beads using a Fast-
Prep FP120 cell disrupter (MP Biomedicals) followed by incu-
bation for 30 min at 4 °C to facilitate dissociation of MTHFD2L
from cellular membranes. Cell debris was removed by centrif-
ugation at 30,000 X g for 30 min at 4°C. The extracted
MTHEFD2L protein was then dialyzed at 4 °C overnight against
25 mM Tris-Cl, 10 mMm B-mercaptoethanol, 1 mm PMSEF, 20%
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(v/v) glycerol, and 500 mm KCl at pH 8.5. Concentrated cell
lysate (~15 ml) was added to 9 ml of Ni**-charged His-Bind
resin (Novagen, Darmstadt, Germany) in 15 ml of binding
buffer (final concentration: 25 mm Tris-Cl, 10 mm B-mercapto-
ethanol, 1 mm PMSF, 20% (v/v) glycerol, 500 mm KCl, and 20
mM imidazole at pH 8.5). The slurry was mixed for 3 h at 4 °C
and then packed into a column. The column was washed at
room temperature with 40 column volumes of wash buffer con-
taining 25 mM Tris-Cl, 10 mMm 3-mercaptoethanol, 1 mm PMSEF,
500 mm KCl, 10% (v/v) isopropanol, and 60 mm imidazole (pH
8.5) at a flow rate of 2—-3 ml/min. His-tagged MTHFD2L was
eluted at 4 °C at 0.5-1 ml/min with binding buffer containing
250 mM imidazole. Fractions containing active enzyme were
determined by assaying for CH,-THF dehydrogenase activity
(see below), and protein concentration was determined using
the Bio-Rad protein assay reagent. Purified MTHFD2L was
stored at —20 °C in 25 mM Tris-Cl, 10 mm B-mercaptoethanol,
100 mm KCl, and 50% (v/v) glycerol at a final pH of 7.5. Purity of
enzyme preparations was evaluated by SDS-PAGE. Enzyme
stability was confirmed by assaying CH,-THF dehydrogenase
activity in aliquots of stored enzyme over a 1-week period.
The purified enzyme retained ~75% 5,10-CH, THF dehydro-
genase activity after 1 week of storage, and all kinetic analyses
were performed within 1 week of enzyme purification.
5,10-Methylene-THF Dehydrogenase and 5,10-Methenyl-
THF Cyclohydrolase Assays—A microplate assay was used for
determination of kinetic parameters as described previously
(22). CH,-THF dehydrogenase activity was determined by an
end point assay (2). The reaction buffer consisted of 50 mm
HEPES (pH 8.0), 100 mm KCI, 5 mm MgCl,, 0.4 mm CH,-THF,
40 mM [B-mercaptoethanol, and either NAD" (1 mwm) or
NADP™" (6 mm). Potassium phosphate (25 mm) was also
included for the NAD " -dependent activity. To determine the
cofactor specificity of the MTHFD2L enzyme in conditions that
more closely resembled physiological conditions, reaction
buffer contained 50 mm HEPES (pH 8.0), 100 mm KCl, 0.5 mm
MgCl,, 10 mM potassium phosphate, 40 mm B-mercaptoetha-
nol, and different cofactors including NAD™ (0.2 mm) or
NADP™ (0.05 mMm) and varying concentrations of CH,-THF.
Sixty ul of reaction mixture without CH,-THF and 20 ul of
purified MTHFD2L were mixed, and the enzyme reaction was
initiated by the addition of 20 ul of CH,-THF followed by incu-
bation at 30 °C for 5 min. The reaction was quenched with 200
wl of 3% perchloric acid, and the plate was read at 350 nm on an
Infinite M200 (Tecan, Minnedorf, Switzerland). The path
length was corrected using near-infrared measurements (23).

CH™-THF cyclohydrolase activity was determined by a con-
tinuous assay (24) in microplate format. The enzyme reaction
was incubated at 30 °C with MTHFD2L containing 200 mm
potassium maleate (pH 7.4), 20 mm B-mercaptoethanol, and
varying concentrations of CH"-THF. The activity was moni-
tored by observing the decrease in absorbance of CH"-THF at
355 nm.

For the determination of kinetic parameters, the initial rate
data were fitted to the Michaelis-Menten equation by nonlinear
regression using Prism (GraphPad, La Jolla, CA). Inhibition of
NADP ™" -dependent dehydrogenase activity by phosphate ion
was examined by assays at four fixed phosphate ion concentra-
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TABLE 1

Primers used for gene expression profiling of the MTHFD gene family
in mouse embryos and adult organs

Primer name Sequence Location
MTHEFDI1 F 5'-TTCATCCCATGCACACCCAA-3’ Exon 6
MTHFDI1 R 5'-ATGCATGGGTGCACCAACTA-3' Exon 7
MTHEFDIL F 5'-GGACCCACTTTTGGAGTGAA-3' Exon 12
MTHFDIL R 5'-ATGTCCCCAGTCAGGTGAAG-3’ Exon 14
MTHFD2 F 5'-ACAGATGGAGCTCACGAACG-3’ Exon 5
MTHFD2 R 5'-TGCCAGCGGCAGATATTACA-3’ Exon 6
MTHFD2L F1 5'-GGCGGGAAGATCCAAGAACG-3' Exon 6
MTHFD2L R1 5'-CGCTATCGTCACCGTTGCAT-3’ Exon 7
MTHFD2L F2 5'-GGCCAGCAGAGAGAAGAGACT-3' Exon 2
MTHFD2L R2 5'-CCATGATTCCACTCCTTGCT-3’ Exon 3
MTHFD2L F3 5'-GAGGTGATGCAACGGTGAC-3’ Exon 7
MTHFD2L R3 5'-GAATACCCGCAGCCACTATG-3’ Exon 8
eEF2 F 5'-CGCATCGTGGAGAACGTCAA-3’ Exon 4
eEF2 R 5'-GCCAGAACCAAAGCCTACGG-3' Exon 5
TBP F 5'-CATGGACCAGAACAACAGCC-3’ Exon 2
TBP R 5'-TAAGTCCTGTGCCGTAAGGC-3’ Exon 3

tions at varying concentrations of NADP™. Over the 5-min
period of measurement, 20% or less of the substrate was con-
verted to product, ensuring that initial rates were observed. K;
was calculated from a global fit of the data to a competitive
inhibition model using Prism.

RNA Isolation and ¢cDNA Synthesis—Tissue was collected
from six male and six female C57BL/6 mice between 4 and 6
weeks of age. Embryos were dissected at the days indicated. For
embryonic days 8.5-11.5, five embryos were pooled for each
time point; for embryonic days 12.5-17.5, three embryos were
pooled for each time point. Tissue and embryos were washed
with PBS and then stored in RNAlater (Applied Biosystems Inc.
(ABI)). Embryos from each day were pooled prior to RNA iso-
lation. RNA was isolated using TRI reagent (ABI) and treated
with TurboDnase (Invitrogen) following the manufacturer’s
instructions. RNA quality was verified by confirmation of the
presence of 28S and 18S rRNA bands on an agarose gel. cDNA
was synthesized using SuperScript III (Invitrogen) and random
hexamers.

Real-time PCR—Primers against mouse MTHFDI, MTHFDIL,
MTHFD2, MTHFD2L, eEF2 (eukaryotic translation elongation
factor 2), and TBP (TATA-box-binding protein) were designed
using Primer-BLAST (25) to yield an amplicon between 95 and
125 base pairs long and cross at least one exon-exon junction
(see Table 1). Primers were checked individually against plas-
mids containing mouse MTHFDI1, MTHFDIL, MTHFD?2, and
MTHFD2L to ensure that the primer pairs were specific to the
target gene. Quantitative real-time PCR was performed using
SYBR Green (Qiagen) on an ABI ViiA 7 using a two-step pro-
gram (50 °C for 2 min and then 95 °C for 10 min followed by 40
cycles of 95 °C for 15 s and 60 °C for 15 s). The specificity of the
reaction was verified by melt curve analysis. Relative expression
values from embryos were calculated by normalizing to TBP
(26), and values from adult tissues were normalized to eEF2
(27).

We have shown previously that MTHFD2L is alternatively
spliced at exons 2 and 8 (11). To determine the abundance of
the splice variants of MTHFD2L containing exon 2 or exon 8,
we designed primer pairs that would bind in exons 2 and 3 or in
exons 7 and 8, so that they would produce only a product from
splice variants containing exon 2 or exon 8, respectively. The
expression values for these primer pairs were normalized to the
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expression levels found using primers MTHFD2L F1 and R1,
which bind in exons 6 and 7. There is no evidence for alternative
splicing of these exons, and they are thus assumed to represent
the total amount of MTHFD2L transcript, including all splice
variants.

In Situ Hybridization of Whole Mouse Embryos—Mouse
embryos ranging from E9.5 to 12.5 were hybridized as described
previously using digoxigenin-labeled UTP RNA probes (28).
Antisense probes were constructed as described previously (28)
by in vitro transcription using T7 RNA polymerase to tran-
scribe from Riken clone 1110019K23 (29) linearized with
BamHI. Sense probes were made by linearizing with Xhol and
transcribing with T3 RNA polymerase.

Yeast Complementation Assay—Exon 8 was removed from
pET22b-rMTHFD2L by overlap extension PCR (30) using the
primers rD2L-x8 5'/HindIIl F (5'-ATCTAAGCTTATGGCG-
ACGCGGGCCCGT-3"), rD2L-x85' R (5'-TAACAG CTGCA-
GCCACTATGATAATCT-3'), rD2L-x8 3" F (5'-CTGCAGC-
TGTTAAGAAGAAGGCCAGC-3"),and rD2L-x8 3'/BamHI R
(V5) (5'-TGAT GGATCC A GTAGGTGATATTCTTGGCA-
GCCAG-3’). Following PCR, rMTHFD2L-x8 was subcloned
into YEp24ES (11, 17) using the HindIIIl and BamHI restriction
sites. Plasmids were transformed into the yeast strain MWY4.5
(serl ura3-52 trpl leu2 his4 ade3-30/65 Amtdl), and
transformants were selected for uracil prototrophy. The in vivo
complementation assay was performed in this yeast strain as
described previously (11).

Preparation of crude yeast lysates and immunoblotting were
carried out as described previously (11). The protein concen-
tration was determined by BCA assay (Thermo Fisher Scien-
tific). NAD " -dependent CH,-THF dehydrogenase activity in
the lysates was assayed with MgCl, and potassium phosphate as
described above.

RESULTS

Expression and Purification of Rat MTHFD2L—Our initial
characterization of mammalian MTHFD2L relied on the
recombinant full-length rat protein expressed in yeast crude
extracts. Difficulties in purification, likely because of its tight
association with membranes (11), prevented us from conduct-
ing a full enzymatic characterization of MTHFD2L in that
study. In the present study, we overcame these problems by
using several strategies. To increase the yield of recombinant
protein, we replaced the mitochondrial targeting sequence of
the rat MTHFD2L with an N-terminal His tag for localization
in the yeast cytosol (31). Despite the loss of its targeting
sequence, the protein remained associated with cellular mem-
branes; so we included sodium carbonate in the extraction
buffer to release MTHFD2L from membranes (32). Finally, we
washed the Ni** column at room temperature rather than at
4°C to eliminate contamination from endogenous yeast pro-
teins (33). This washing step allowed the purification of
MTHEFD2L to greater than 95% homogeneity (Fig. 24, cf. lanes
1 and 3). The mobility of the purified protein is consistent with
the expected size of 33 KDa.

MTHFD2L Possesses 5,10-Methenyl-THF Cyclohydrolase
Activity—MTHFD2L exhibits robust CH"-THF cyclohydro-
lase activity, confirming the bifunctional nature of this enzyme.
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FIGURE 2. Purified rat MTHFD2L possesses cyclohydrolase activity. A,
Hisg-tagged rat MTHFD2L was purified by immobilized nickel affinity chroma-
tography as described under “Experimental Procedures.” Lane 1 shows the
imidazole elution after washing the column at 4 °C. In a second experiment,
the column was washed at room temperature instead of 4 °C. Lane 2 shows
the room temperature wash fractions. Lane 3 shows the imidazole elution
after washing at room temperature. B, dependence of cyclohydrolase activity
on (6R,S)5,10-methenyl-THF concentration. Results shown are the means =
S.E. of five replicates (error bars are included for all data points but are
obscured by the data symbol when the scatter is small).

The specific activity shown in Fig. 2B is ~11-fold higher than
the buffer-catalyzed rate. Cyclohydrolase activity could not be
determined at saturating conditions due to the high absorbance
of substrate, and thus accurate values for k_,, and K,,, could not
be calculated.

Steady-state Kinetics and Cofactor Specificity of 5,10-Methyl-
ene-THF Dehydrogenase Activity—W e reported previously that
recombinant full-length rat MTHFD2L expressed in yeast
exhibits NADP " -dependent CH,-THF dehydrogenase activity
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TABLE 2

Kinetic parameters for MTHFD2L 5,10-methylene-THF dehydrogen-
ase activity

Enzyme assays were performed as described under “Experimental Procedures.”
CH,-THEF kinetic parameters were determined using saturating concentrations of
NAD™" (1.0 mm) or NADP* (6.0 mm). When NAD™ was used, potassium phosphate
(25 mm) and MgCl, (5 mm) were also included. Redox cofactor kinetic parameters
were determined using saturating concentrations of CH,-H,PteGlu, (400 um).

K,
Substrate NAD*/NADP*  CH,THF Kot koK,
M 5! s !
NAD™ 147 £ 16 3.6 0.1 0.025
CH,-H,PteGlu, 40+ 5 27+007 0.067
CH,-H,PteGlug 130 +30 88+04  0.068
NADP* 537 * 54 1.1+0.04 0.002
CH,-H,PteGlu, 42+ 7 13+005 0030
CH,-H,PteGlu, 15339 72+05 0047

in crude extracts (11). Purified MTHFD2L exhibited both
NAD™- and NADP*-dependent CH,-THF dehydrogenase
activity using either mono- or pentaglutamylated CH,-THF
(CH,-H,PteGlu; and CH,-H,PteGlu,, respectively). The
kinetic parameters are given in Table 2. Values for k_,, and K,
differed between the polyglutamylation states of the CH,-THF
substrate, but they were not sensitive to the redox cofactor in
the dehydrogenase reaction (NAD " or NADP*). The K, values
for CH,-H,PteGlu, were ~3.5 times higher than those of CH,-
H,PteGlu, regardless of the redox cofactor. However, this was
accompanied by a similar increase in k,,, resulting in similar
k../K,,, values (Table 2). Using CH,-H,PteGlu,, the K, values
for NAD" and NADP" were 147 * 16 and 537 *= 54 um,
respectively (Table 2).

Although the dehydrogenase activity of the bifunctional
MTHFD?2 (an isozyme of MTHFD2L) is classified as NAD -
specific, it can also utilize NADP™ at a reduced efficiency (6).
The NAD *-dependent activity of MTHFD2 requires Mg>* and
inorganic phosphate (P;) (6). To explore redox cofactor speci-
ficity in MTHFD2L, we measured specific activity using satu-
rating levels of NAD" or NADP™ in the presence of Mg>"
and/or P; (Fig. 3A). When NAD ™" was used, the dehydrogenase
activity of MTHFD2L was strongly dependent on the presence
of Mg®" and P, in combination. Using CH,-H,PteGlu, and
NAD™, the K, values for Mg®" and P, were 233 = 62 and 293 +
59 uM, respectively. When NADP™ was used, MTHFD2L activ-
ity was increased slightly with Mg>". Inorganic phosphate
appeared to counteract the Mg>" effect with NADP™" (Fig. 34).

Because MTHFD2 shows inhibition of NADP*-dependent
dehydrogenase activity by inorganic phosphate (6), we sought
to determine if MTHFD2L behaves in the same way. We
observed that increasing concentrations of phosphate ion
reduced the NADP"-dependent dehydrogenase activity of
MTHED2L (Fig. 3B). The data fit best to a competitive inhibi-
tion model with a K; of 1.9 + 0.3 mm.

Cofactor Specificity at Physiological Concentrations of Mg”™,
P, and CH,-THF—To better understand the cofactor prefer-
ence (NAD ™ versus NADP™) of the MTHFD2L dehydrogenase
activity under physiologically relevant substrate conditions, we
repeated the assay at a wide range of P, Mg>", and CH,-THF
concentrations. The range used includes concentrations esti-
mated to exist in the matrix compartment of mammalian mito-
chondria (CH, THF = 2.5-25 pumM, Mg>" = 0.5 mm, P; = 10 mm;
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FIGURE 3. 5,10-Methylene-THF dehydrogenase activity of MTHFD2L. A,
purified MTHFD2L was assayed for NAD*- and NADP " -dependent 5,10-methyl-
ene-THF dehydrogenase activity in the presence or absence of P; and Mg**.
Enzyme activity is expressed as wmol product/min/mg of protein. Each column
represents the mean = S.E. of triplicate determinations. Reaction buffer con-
tained 50 mm HEPES (pH 8.0), 100 mm KCl, 0.4 mm 5,10-CH,-THF, and 40 mm
B-mercaptoethanol. NAD" was used at 1.0 mmand NADP* at 6.0 mm. Mg " and
P, were tested by including 5.0 mm MgCl, and 25 mm potassium phosphate
where indicated. B, inhibition of NADP"-dependent 5,10-methylene-THF dehy-
drogenase activity by inorganic phosphate. Each point represents the mean =
S.E. of triplicate determinations (error bars are included for all data points but are
obscured by the data symbol when the scatter is small). The curves represent
nonlinear fits to the Michaelis-Menten model. The reaction buffer (as in A) con-
tained 5.0 mm MgCl, and varying concentrations of NADP™. Potassium phos-
phate concentrations were 0 (@), 5 (), 10 (A), and 25 (V) mm.

see the legend to Fig. 4 for references). For each component, the
ratio of NAD " -dependent to NADP *-dependent dehydrogen-
ase activities was plotted (Fig. 4). The data indicate that there is
an ~3.5-fold preference for NAD™ at physiological P; concen-
trations (Fig. 44) and a 5 6-fold preference for NAD™ at phys-
iological Mg®" concentrations (Fig. 4B). At high concentra-
tions of CH,-THF, MTHFD2L clearly prefers NAD ™" (Fig. 4C).
However, as the CH,-THF concentration is lowered to more
physiological levels, the ratio approaches 1, and at the lowest
CH,-THF concentrations, the enzyme is more active with
NADP™. This suggests that cofactor preference will be very
sensitive to CH,-THF concentration in vivo.

Gene Expression Profile of MTHFD Gene Family in Mouse
Embryos—It has been reported previously that the MTHFD2
gene is expressed in early embryos, but its expression declines
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FIGURE 4. Redox cofactor specificity of MTHFD2L at physiological con-
centrations of P, Mg?*, and 5,10-CH,-THF. The ratio of NAD - to NADP *-
dependent 5,10-methylene-THF activity was plotted as a function of increas-
ing concentrations of inorganic phosphate (4), Mg™ (B), or 5,10-CH,-THF (C).
Reaction buffer (described in the legend for Fig. 3) contained either 1 mm
NAD" or 6 mm NADP*. 5,10-CH,-THF was included at 0.4 mm (A and B) or
varied (C). For dependence on P, concentration (A), 5 mm MgCl, was included
for both NAD*- and NADP*-dependent reactions. For dependence on Mg?*
concentration (B), 25 mm potassium phosphate was included in NAD*-de-
pendent but not NADP *-dependent reactions. For dependence on 5,10-CH,-
THF concentration, 5 mm MgCl, and 25 mm P; were included in NAD *-depen-
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FIGURE 5. Temporal expression profile of MTHFD gene family in mouse
embryos. The relative expression profiles of MTHFD1 (@), MTHFDIL (M),
MTHFD2 (A),and MTHFD2L (V) was determined by real-time PCR as described
under “Experimental Procedures.” The age of the embryos from which the
RNA was obtained is indicated in embryonic days (birth occurs at ~E20.0).
mRNA expression was normalized to that of the TBP transcript. Each point
represents the mean = S.E. of triplicate determinations (error bars are
included for all data points but are obscured by the data symbol when the
scatter is small).

as the embryo approaches birth, and the MTHFD2 enzyme is
found only in nondifferentiated tissues in adults (9, 28). We
determined the relative expression profiles of all four MTHFD
gene family members in mouse embryos using real-time PCR,
normalizing to TBP (TATA-box-binding protein) expression.
TBP has been determined to be stably expressed at multiple
stages of embryonic development, making it a suitable house-
keeping gene for real-time PCR experiments involving embryos
(26). MTHFDI and MTHFDIL transcript expression was high-
est at E8.5 and subsequently decreased until expression
increased again at E13.5-17.5 (Fig. 5). MTHFD2 expression was
low at all embryonic days examined. MTHFD2L was also
expressed at all embryonic days examined. MTHED2L expres-
sion was low at E8.5 but increased beginning at E10.5 (Fig. 5).
These profiles suggest that a switch between MTHFD2 and
MTHFD2L expression occurs approximately between embry-
onic days 8.5 and 10.5 during mouse embryogenesis.

In situ hybridization of whole mouse embryos (Fig. 6)
revealed that MTHFD2L is expressed in the neural tube and the
forebrain, midbrain, and hindbrain, suggesting a possible role
in neural tube development. Other areas of intense staining
included the branchial arches and limb buds, particularly along
the progress zone.

Gene Expression Profile of MTHFD Gene Family in Adult
Mice—Expression of adult MTHFD genes from male and
female mice was normalized to the expression of eEF2, a house-
keeping gene that is stably expressed in a wide array of adult
tissues (27). The MTHFD2L transcript was expressed in all of
the tissues examined, with the highest expression observed in

dent reactions. For the NADP *-dependent reactions, only 5 mm MgCl, was
included. Reported mitochondrial matrix substrate concentration ranges
(indicated by shaded areas) are 5-15 mm for P; (47-49), 0.3-0.4 mm for Mg?*
(48, 49), and 2.5-25 um for 5,10-CH,THF (37-40), respectively. The best esti-
mates found for in vivo mitochondrial NADP* and NAD™ concentrations are
NADP* = 80 um and NAD™ = 240 um (42, 43). The data in C were fit to the
Michaelis-Menten equation. The 5,10-CH,-THF concentration that gave the
half-maximal ratio of NAD*- to NADP*-dependent 5,10-methylene-THF
activity was 12.5 um.
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E11.5

E12.5

FIGURE 6. Spatial distribution of MTHFD2L expression in mouse embryos. /n situ hybridizations of whole mount embryos ranging from E9.5 to E12.5 (A-D)
were performed using digoxigenin-labeled UTP RNA probes as described under “Experimental Procedures.” C, as shown on the E11.5 embryo, MTHFD2L is
especially prominentin the neural tube (a), forebrain (b), midbrain (c), hindbrain (d), branchial arches (e), and somites (f). Embryos A-C were imaged at the same
magnification (X20). Embryo D was imaged at X 12.5 magnification. Scale bars correspond to 1 mm.
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FIGURE 7. Expression profile of MTHFD gene family in adult mouse tis-
sues. The relative expression profiles of MTHFD1 (green), MTHFDIL (red),
MTHFD2 (blue), and MTHFD2L (black) was determined by real-time PCR as
described under “Experimental Procedures.” mRNA expression was normal-
ized to that of the eEF2 transcript in female (top) and male (bottom) adult
mice. Each column represents the mean = S.E. of triplicate determinations.

brain and lung and lower expression in liver and kidney (Fig. 7).
As has been reported previously, MTHFD1 showed the highest
expression in liver and kidney (34). MTHFDIL was most highly
expressed in brain and spleen. The MTHFD?2 transcript could
be detected at low levels in most tissues, but only testis and
spleen expressed it at even a modest level. The expression pat-
terns of the four transcripts were similar in males and females.
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FIGURE 8. MTFHD2L splice variants during mouse development. The rel-
ative abundance of exon 2- (H) and exon 8-containing (®) MTHFD2L tran-
scripts was determined by real-time PCR and analyzed as described under
“Experimental Procedures.” Each point represents the mean =+ S.E. of tripli-
cate determinations (‘bars are included for all data points but are obscured by
the data symbol when the scatter is small).

Alternative Splicing of MTHFD2L—We have shown previ-
ously that MTHFD2L is alternatively spliced at exons 2 and 8
(11), with either exon skipped or included in the mature mRNA.
The skipping of exon 2 and inclusion of exon 8 produces an
enzymatically active enzyme of 347 residues (including the
40-residue mitochondrial targeting sequence) (11). The inclu-
sion of exon 2 results in the introduction of an early stop codon.
However, translation beginning from an ATG in exon 3 is pre-
dicted to produce a truncated protein missing the mitochon-
drial targeting sequence. When exon 8 is skipped, exon 7 is
spliced to exon 9 with the reading frame intact, resulting in
deletion of 43 codons. Using total embryo RNA from embryos
ages E8.5 to E17.5, we observed that exon 2 was present in less
than 10% of the transcripts in all of the embryonic days exam-
ined (Fig. 8), indicating that the vast majority of MTHFD2L
transcripts encode a mitochondrial targeting sequence. Exon 8,
on the other hand, was found to be missing in 20-45% of the
MTHFD2L transcripts throughout embryogenesis (Fig. 8).

To determine what effect the removal of exon 8 would have
on MTHEFD2L activity, MTHFD2L lacking exon 8 was
expressed in yeast. NAD " -dependent CH,-THF dehydroge-
nase activity could not be detected in crude yeast lysate from
yeast cells transformed with the truncated construct (YEp-
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-Adenine

FIGURE 9. Expression of MTHFD2L lacking exon 8 in yeast. S. cerevisiae strain
MWYA4.5 (ser1 ura3 trp1 leu2 his4 ade3-30/65 Amtd1) was transformed to uracil
prototrophy with YEp-rD2L (wild type), YEp-rD2L-x8 (lacking exon 8), or empty
vector (YEp24ES). Ura™ transformants were streaked onto yeast minimal plates
containing serine as a one-carbon donor plus adenine (left) or serine alone (right)
and incubated at 30 °C for 4 days. Both plates also contained leucine, tryptophan,
and histidine to support the other auxotrophic requirements of MWY4.5. Inset,
immunoblot of whole cell lysate from MWY4.5 transformed with the indicated
plasmids. Each lane was loaded with 50 ug of protein. The blot was probed with
polyclonal antibodies against MTHFD2L (1:1000 dilution).

rD2L-x8; data not shown). NAD " -dependent CH,-THF dehy-
drogenase activity was easily detectable in lysate from yeast
cells transformed with the full-length construct.

We next asked whether MTHFD2L lacking exon 8 was active
in vivo, using a yeast complementation assay (11). Briefly, this
assay uses yeast strain MWY4.5, which lacks cytoplasmic CH,-
THF dehydrogenase activities as well as the 10-formyl-THF
synthetase activity of the cytoplasmic trifunctional C,-THF
synthase (35). Wild-type yeast can produce 10-CHO-THF for
de novo purine biosynthesis from serine using either cytoplas-
mic or mitochondrial 1C pathways (36) (see Fig. 1). However,
MWY4.5 is blocked in both pathways to 10-CHO-THEF. This
blockage creates a requirement for adenine in the growth
medium (35). Cytoplasmically localized MTHFD2L lacking exon
8 should rescue the adenine requirement of MWY4.5 if it is cata-
lytically active in vivo. Transformants of MW Y4.5 harboring YEp-
rD2L-x8, YEp-rD2L (full-length MTHFD2L) (11), or empty vector
(YEp24ES) were streaked onto yeast minimal plates containing
serine as a one-carbon donor or serine + adenine and incubated at
30 °C. As shown in Fig. 9, full-length MTHFD2L, expressed from
YEp-rD2L as a positive control, fully complemented the adenine
requirement of MWY4.5, as observed previously (11). However,
MTHEFD2L lacking exon 8, expressed from the rD2L-x8 plasmid,
did not complement the adenine requirement. An immunoblot of
crude yeast lysates from these transformants confirmed that the
truncated protein was expressed at a level similar to that of the
full-length protein in control cells (Fig. 9, inset). These in vitro and
in vivo results suggest that the MTHFD2L variant lacking exon 8
does not function as a CH,-THF dehydrogenase.

DISUSSION

The experiments described here demonstrate that the mam-
malian MTHFD2L isozyme, like MTHFD1 and MTHED2, pos-
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sesses both CH,-THF dehydrogenase and CH™*-THF cyclohy-
drolase activities (Fig. 2). The dehydrogenase activity of this
bifunctional enzyme can use either NAD" or NADP" but
requires both phosphate and Mg®" when using NAD™ (Fig.
3A4). The NADP"-dependent dehydrogenase activity of
MTHED2L is inhibited by inorganic phosphate (Fig. 3B).
MTHED2L can use the mono- and polyglutamylated forms of
CH,-THF with similar catalytic efficiencies (k.,./K,,; Table 2).
Expression of the MTHFD2L transcript is low in early mouse
embryos, begins to increase at E10.5, and continues through
birth (Fig. 5). In adults, MTHFD2L was expressed in all tissues
examined, with the highest levels observed in brain and lung
(Fig. 7).

How do these cofactor requirements compare with those of
the other CH,-THF dehydrogenase/CH " -THF cyclohydrolase
found in mammalian mitochondria? The MTFHD2 isozyme
has been named NAD " -dependent methylenetetrahydrofolate
dehydrogenase-methenyltetrahydrofolate cyclohydrolase (6,
10) but in fact exhibits dehydrogenase activity with NADP™,
albeit with a much higher K, and lower V,_, (6). In fact, the
redox cofactor requirements of the two isozymes are quite sim-
ilar: both exhibit lower K, values for NAD™ than for NADP™;
their NAD " -dependent activities require phosphate and Mg>™;
and their NADP™-dependent activities are inhibited by phos-
phate. The absolute requirement of the NAD™-dependent
activity of MTHFD2 for Mg®" and P, has been characterized in
great detail by Mackenzie and co-workers (10). MTHFD2 uses
Mg>" and P, to convert an NADP binding site into an NAD
binding site. P; binds in close proximity to the 2'-hydroxyl of
NAD and competes with NADP binding. Mg>* plays a role in
positioning P, and NAD. Mackenzie and co-workers (10) iden-
tified several amino acid residues in MTHFD2 that are involved
in the P, and Mg>" binding, and these residues are highly con-
served in MTHFD2L in mammals. It is thus likely that Mg>™"
and P; play a mechanistically similar role in the NAD " -depen-
dent dehydrogenase activity of MTHFD2L as well.

At saturating levels of CH,-THF, using NAD™ as a cofactor,
the k_,,/K,, value for the CH,-THF dehydrogenase reaction of
MTHED2 is 2.9 s~ *um ™ * (8). This value is ~45-fold higher
than the efficiency exhibited by MTHFD2L (k.. /K,, = 0.067
s~ 'um™"). These differences in kinetic parameters are unlikely
to be due to different assay conditions. When we performed the
CH,-THF dehydrogenase assay under buffer conditions that
were used to characterize MTHFD2 (MOPS (pH 7.3)) rather
than the HEPES (pH 8.0) used in this article, we did not observe
significant changes in the values for k_,, or K,,, (data not shown).

The apparent preference of MTHFD2L for NAD ™ (Fig. 34) is
most dramatic at nonphysiological levels of phosphate, Mg>™,
and folate cofactor. When these experiments were repeated
at more physiologically relevant substrate concentrations,
MTHFD2L showed much less preference for NAD™ (Fig. 4). In
fact, at CH,-THF concentrations below 10 uM, the enzyme is
more active with NADP™ than with NAD™ (Fig. 4C). Given that
estimates for mitochondrial matrix levels of CH,-THF range
from 2.5 to 25 um (37—40), it is likely that MTHFD2L exhibits
dual redox cofactor specificity in vivo.

The use of NAD™ versus NADP™ in this step can have a
dramatic effect on the rate and direction of flux of one-carbon
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units through this pathway in mitochondria. The oxidation
state of mitochondrial pools of NAD " and NADP™ is dictated
by mitochondrial respiration (41), which in turn is linked to
nutrition, differentiation, and proliferation (42). Measurements
in liver suggest that the redox potential of the NAD"/NADH
matrix pool is typically 75-100 mV more positive than that of
the NADP*/NADPH matrix pool (41, 43). Thus, the ratio of
CH,-THF to 10-CHO-THEF in the matrix (reactions 3m and 2m
in Fig. 1) will be shifted much further toward 10-CHO-THF
with a CH,-THF dehydrogenase linked to the NAD"/NADH
pool versus the NADP " /NADPH pool (6, 7). A cyclohydrolase/
dehydrogenase with dual cofactor specificity, such as
MTHED2L, would be able to adapt immediately to changing
metabolic conditions, shifting the equilibrium between CH,-
THF and 10-CHO-THF (and formate) depending on the rela-
tive levels of oxidized cofactor (NAD " or NADP ™) in the mito-
chondrial matrix. We do not know whether the MTHFD2
isozyme might also exhibit dual redox cofactor specificity in
vivo, as it was not characterized at physiologically relevant sub-
strate concentrations (6, 10).

We determined expression profiles for the entire MTHFD
family of genes during mouse embryogenesis (Fig. 5) and in
adult tissues (Fig. 7). The results for MTHFDI (cytoplasmic
reactions 1-3 (Fig. 1)) and MTHFDIL (mitochondrial reaction
1m) are qualitatively similar to previously reported transcript
expression patterns in mouse embryos based on a staged
Northern blot (28). Both transcripts are highest in early
embryos and decrease during embryonic days 9.5-15.5, only to
increase again as the embryo approaches birth. MTHFD2 and
MTHFD2L, on the other hand, exhibit very different expression
profiles. MTHFD?2 expression was low in all embryonic days
examined, whereas expression of the MTHFD2L transcript
increased beginning at E10.5 and remained elevated through
birth (Fig. 5). These data reveal a switch from MTHFD2 to
MTHEFD2L expression at about the time of neural tube closure
in mouse embryos. The spatial expression of MTHFD2L is
localized to the neural tube, developing brain, branchial arches,
and limb buds (Fig. 6). These regions are also areas where
MTHFD2 and MTHFDI1L are expressed (28), suggesting a role
for the mitochondrial folate pathway in these embryonic
tissues.

Why might mammals possess these two distinct mitochon-
drial dehydrogenase/cyclohydrolase isozymes? It appears that
under most conditions, the majority of 1C units for cytoplasmic
processes are derived from mitochondrial formate (1). Oxida-
tion of mitochondrial CH,-THEF is essential for the production
of 10-CHO-THEF, which is processed by MTHFD1L to provide
formate for cytoplasmic export (Fig. 1). This formate is then
reattached to THF for use in de novo purine biosynthesis or
further reduced for either thymidylate synthesis or remethyla-
tion of homocysteine to methionine. Modeling studies suggest
that the oxidation step (reaction 3m (Fig. 1)), catalyzed by
either MTHFD2 or MTHFD2L, is a critical control point for
mitochondrial 1C metabolism. Using an in silico model,
Nijhout et al. (37) observed that the exclusion of CH,-THF
dehydrogenase and CH™-THF cyclohydrolase activities from
the mitochondrial folate pathway results in loss of formate
exportand a dramatic increase in mitochondrial serine produc-
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tion for gluconeogenesis. When CH,-THF dehydrogenase and
CH™-THF cyclohydrolase activities are included in the model,
the mitochondrial folate pathway produces formate for cyto-
solic export, where it is incorporated into purines, thymidylate,
and the methyl cycle (37). Christensen and MacKenzie (44)
have proposed that the level of MTHFD2 expression could act
as a metabolic switch to control the balance between serine and
formate production.

We suggest that the existence of two mitochondrial dehydro-
genase/cyclohydrolase isozymes in mammals (MTHFD2 and
MTHED2L) reflects the need to tightly regulate flux through
this oxidation step in response to changing metabolic condi-
tions and needs. For example, de novo purine biosynthesis is
especially important in rapidly dividing cells, such as during
embryogenesis. Thus, early embryos express both MTHFD2
and MTHFD2L isozymes, ensuring that mitochondrial formate
production is adequate to support de novo purine biosynthesis.
Indeed, embryonic growth and neural tube closure requires
mitochondrial formate production (45). Compared with
embryos, however, adult mammals do not have a high demand
for de novo purine biosynthesis (46). The loss of expression of
MTHED?2 as the embryos approach birth may reflect the lower
demand for de novo purine biosynthesis in neonate and adult
mammals.

In addition to switching between expressing one or two
mitochondrial CH,-THF dehydrogenase/CH*-THF cyclohy-
drolase enzymes, there may be other ways of regulating
MTHED2L expression such as alternative splicing. We have
shown previously that an exon 8 deletion is present in adult
tissues (11). We observed significant expression of this same
splice variant of MTHFD2L throughout embryogenesis (Fig. 8).
However the protein that would be produced from the tran-
script lacking exon 8 did not show activity in vitro or in vivo (Fig.
9), and the function of this splice variant is unknown.
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