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Mitochondrial folate-dependent one-carbon (1-C) metabo-
lism converts 1-C donors such as serine and glycine to for-
mate, which is exported and incorporated into the cytoplas-
mic tetrahydrofolate (THF) 1-C pool. Developing embryos
depend on this mitochondrial pathway to provide 1-C units
for cytoplasmic process such as de novo purine biosynthesis
and the methyl cycle. This pathway is composed of sequential
methylene-THF dehydrogenase, methenyl-THF cyclohydro-
lase, and 10-formyl-THF synthetase activities. In embryonic
mitochondria, the bifunctional MTHFD2 enzyme catalyzes the
dehydrogenase and cyclohydrolase reactions, but the enzyme
responsible for the mitochondrial synthetase reaction has not
been identified in embryos. A monofunctional 10-formyl-THF
synthetase (MTHFDIL gene product) functions in adult mito-
chondria and is a likely candidate for the embryonic activity.
Here we show that the MTHFDI1L enzyme is present in mito-
chondria from normal embryonic tissues and embryonic fibro-
blast cell lines, and embryonic mitochondria possess the ability
to synthesize formate from glycine. The MTHFDIL transcript
was detected at all stages of mouse embryogenesis examined. In
situ hybridizations showed that MTHFD1L was expressed ubiq-
uitously throughout the embryo but with localized regions of
higher expression. The spatial pattern of MTHFDIL expression
was virtually indistinguishable from that of MTHFD2 and
MTHFDI (cytoplasmic C,-THF synthase) in embryonic day 9.5
mouse embryos, suggesting coordinated regulation. Finally, we
show using stable isotope labeling that in an embryonic mouse
cell line, greater than 75% of 1-C units entering the cytoplasmic
methyl cycle are mitochondrially derived. Thus, a complete
pathway of enzymes for supplying 1-C units from the mitochon-
dria to the methyl cycle in embryonic tissues is established.

Tetrahydrofolate (THF)*-dependent one-carbon (1-C)
metabolism is highly compartmentalized in eukaryotes, with
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THE-dependent enzymes found in mitochondria, cytoplasm,
and nuclei (1, 2). The 3-carbon of serine is the major 1-C donor
in most organisms, including humans (3), and THF can be
charged with this one-carbon unit in both the cytoplasmic and
mitochondrial compartments via serine hydroxymethyltrans-
ferase (SHMT) (Fig. 1, reactions 4 and 4m), resulting in the
formation of 5,10-methylene-THF (CH,-THF). Cytoplasmic
CH,-THF can be reduced to 5-methyl-THF (see Fig. 1, reaction
6) for entry into the methyl cycle, oxidized to 10-formyl-THF
(10-CHO-THEF) (Fig. 1, reactions 3 and 2) for purine synthesis,
or it can be used for nuclear thymidylate ({TMP) synthesis (Fig.
1, reaction 10) (2). In mitochondria, the other product of the
SHMT reaction, glycine, can also serve as a source of one-car-
bon units (4, 5). It is metabolized by the mitochondrially local-
ized glycine cleavage system (Fig. 1, reaction 5), producing
CH,-THEF from its 2-carbon. CH,-THF, from either serine or
glycine, can be oxidized to 10-CHO-THEF by mitochondrial ver-
sions of reactions 3 and 2 in Fig. 1. 10-CHO-THEF can either be
converted to formate and THF by 10-formyl-THF synthetase
(Fig. 1, reaction Im) or oxidized to form CO, and THF by
10-formyl-THF dehydrogenase (Fig. 1, reaction 11) (6, 7).

The cytoplasmic and mitochondrial compartments are met-
abolically connected by transport of serine, glycine, and for-
mate across the mitochondrial membranes, supporting a
mostly unidirectional flow (clockwise in Fig. 1) of 1-C units from
serine to formate and onto methionine. In fact, it appears that
under most conditions, the majority of 1-C units for cytoplas-
mic processes are derived from mitochondrial formate (6 —17).

In mammals, birds, and yeast, the cytoplasmic activities of
CH,-THF dehydrogenase, 5,10-methenyl-THF cyclohydrolase,
and 10-CHO-THF synthetase (Fig. 1, reactions 1-3) are present
on a trifunctional enzyme called C;-THF synthase (18-22).
The CH,-THF dehydrogenase activity of C,-THF synthase is
NADP-dependent, and this redox cofactor specificity may
explain the preference of the cytoplasmic pathway to operate in
the reductive direction in vivo (i.e. from 10-CHO-THF to CH,-
THF) (23). The cytoplasmic NADP/NADPH redox couple is
maintained in a reduced state (24, 25), greatly favoring the
reductive direction of NADP-linked dehydrogenases (26). The

folate; 10-CHO-THF, 10-formyl-tetrahydrofolate; cSHMT, cytoplasmic
serine hydroxymethyltransferase; dTMP, thymidylate; E, embryonic day;
MEF, mouse embryonic fibroblast; MTHFD1, cytoplasmic C,-tetrahydro-
folate synthase; MTHFD1L, mitochondrial C,-tetrahydrofolate synthase;
MTHFD2, NAD-dependent 5,10-methylene-tetrahydrofolate dehydrogen-
ase/5,10-methenyl-tetrahydrofolate cyclohydrolase; NCC, neural crest cell.
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FIGURE 1. Embryonic mammalian one-carbon metabolism. Reactions 1-4 are in both the cytoplasmic
and mitochondrial (m) compartments. Reactions 1-3, 10-formyl-THF synthetase, 5,10-methenyl-THF
cyclohydrolase, and 5,10-methylene-THF dehydrogenase, respectively, are catalyzed by trifunctional
C,-THF synthase in the cytoplasm (MTHFD1). In mammalian mitochondria, reaction Tm is catalyzed by mono-
functional MTHFD1L, and reactions 2m and 3m are catalyzed by bifunctional MTHFD2. The other reactions are
catalyzed by the following: serine hydroxymethyltransferase (reactions 4 and 4m), glycine cleavage system
(reaction 5), 5,10-methylene-THF reductase (reaction 6), methionine synthase (reaction 7), dimethylglycine
dehydrogenase (reaction 8), sarcosine dehydrogenase (reaction 9), thymidylate synthase (reaction 10), and
10-formyl-THF dehydrogenase (reaction 11; only the mitochondrial activity of this enzyme is shown, but it has
been reported in both compartments in mammals). All of the reactions from choline to sarcosine are mito-
chondrial except the betaine to dimethylglycine conversion, which is cytoplasmic. Hcy, homocysteine; AdoHcy,

S-adenosylhomocysteine.

mammalian version of this trifunctional enzyme is encoded by
the MTHFDI1 gene (27-29), and its cytoplasmic protein prod-
uct will herein be designated as MTHFDL1.

The enzymes catalyzing reactions Im-3m (Fig. 1) in mam-
malian mitochondria are much less clear. MacKenzie and
co-workers (30, 31) characterized a bifunctional NAD-depen-
dent CH,-THF dehydrogenase/5,10-methenyl-THF cyclohy-
drolase (reactions 3m and 2m), originally isolated from ascites
tumor cells. This enzyme was later shown to be a mitochondrial
protein (32, 33), encoded by the nuclear MTHFD2 gene. Nota-
bly, this enzyme (MTHFD2 protein) is found only in trans-
formed mammalian cells and embryonic or nondifferentiated
tissues (30) and is clearly essential during embryonic develop-
ment (34, 35). The final step in the mammalian mitochondrial
pathway to formate (10-CHO-THF synthetase; reaction 1m)
is catalyzed by mitochondrial C,-THF synthase, encoded by
the MTHFDIL gene (36). This isozyme, herein referred to as
MTHEFD1L, is a homolog of the cytoplasmic MTHFD1. Unlike
MTHEFD1, however, MTHFDIL is a monofunctional enzyme,
containing only the 10-CHO-THF synthetase activity (37).

To date, the MTHFDI1L protein has been confirmed only in
mitochondria from adult tissues (36, 38). However, a 10-CHO-
THE synthetase activity has been detected in mouse embryonic
fibroblasts (MEFs) (28), and the authors suggested MTHFD1L
as the most likely candidate enzyme in embryos to explain this
activity. However, in normal embryonic tissues, neither the
10-CHO-THE synthetase activity nor an associated protein has
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cine. We investigate the spatial and
temporal expression patterns of the
MTHFDIL gene in mouse embryos
and compare them to those of
MTHFD2 and MTHFEDI. Finally,
metabolic tracer studies in MEFs
show that disruption of mitochon-
drial 1-C flux creates significant dis-
turbances in the cytoplasmic methyl
cycle. These results thus verify and
extend the current model of mam-
malian 1-C cycle metabolism to embryos.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Oligonucleotides were synthe-
sized by IDT (Coralville, IA). The nitrocellulose membranes
were obtained from Midwest Scientific (Valley Park, MO).
T7, T3, and SP6 polymerases were purchased from Epicentre
Biotechnologies (Madison, WI). Restriction enzymes were pur-
chased from either Invitrogen or Fisher/Promega (Madison,
WI). Geneticin (G-418 sulfate) was obtained from American
Bioanalytical (Natick, MA). Kits for plasmid preparation were
from Qiagen.

Animals—All of the study protocols were approved by the
Institutional Animal Care and Use Committee of The Uni-
versity of Texas at Austin and conform to the National Insti-
tutes of Health Guide for the Care and Use of Laboratory
Animals. Wild type CF-1® mice (Charles River Laboratories)
were housed at the UT-Austin Animal Resource Center. Vag-
inal plugs observed at noon in female mice were considered as
embryonic day 0.5 (E0.5). The embryos were also staged based
on somite number.

Isolation of Mitochondria—Mouse embryos between E13.0
and E17.5 were dissected from pregnant females along with the
adult livers. Mitochondria were isolated as described previously
for adult liver (6, 7) except that in some cases, the pellet from
the initial centrifugation was resuspended, Dounce homoge-
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nized, and recentrifuged, and the supernatant was pooled with
the first supernatant.

Mitochondrial Oxidation of [2-'*C]Glycine—Mitochondrial
formate production was measured essentially as described pre-
viously (6, 7), except that [2-'*C]glycine (Morevek Biochemi-
cals, Brea, CA) was used as 1-C donor. Incubations contained
0.4 ml of intact mitochondria, 5.0 mm [2-'*C]glycine (1000
dpm/nmol), 50 mm HEPES (pH 7.2), 50 mm KCI, 25 mm
KH,PO,, 2 mm MgCl,, and 240 mM sucrose in a total volume of
1 ml. ["*C]Formate produced was determined by enzymatic
assay using formate dehydrogenase (from Candida boidinii;
Sigma-Aldrich) as described previously (6). Formate produc-
tion was normalized to the mitochondrial protein concentra-
tion of each sample as determined by the Bradford assay (40).
The p values were calculated utilizing the Student’s ¢ test.

SDS-PAGE and Immunoblotting—Extracts of cultured cells
and mitochondria isolated from embryos were analyzed by
SDS-PAGE and immunoblotting as described (38). The
membranes were probed with a polyclonal rabbit antibody
specific for MTHFDI1L (38) or a rabbit anti-Hsp60 antibody
(Stressgen Biotechnologies, San Diego, CA). The secondary
antibody was horseradish peroxidase-conjugated goat anti-rab-
bit IgG (Zymed Laboratories Inc., San Francisco, CA).

Northern Analysis—A Mouse Conceptus full stage Northern
blot was obtained from Seegene, Inc. (Seoul, South Korea). Each
lane contained 20 ug of total RNA from embryos aged E4.5—
18.5. The probes were synthesized with [a-*?P]dATP (3000
Ci/mmol; PerkinElmer Life Sciences) by asymmetric PCR using
Taq polymerase (Applied Biosystems, Carlsbad, CA) and
reagents supplied in the Strip E-Z PCR kit (Ambion, Austin,
TX) according to the kit manufacturer’s instructions. A cDNA
containing the full-length mouse MTHFDIL coding sequence
was obtained from the American Type Culture Collection
(Image Clone identification number 6311761, GenBank™ ac-
cess number BQ91728). The SP6 promoter/primer lay at the 5
end of the insert, whereas the T7 promoter/primer site was at
the 3’ end. Mouse MTHFD2 (clone 24FL) and MTHFDI (clone
14EB) cDNAs, each containing partial sequences, were gener-
ously provided by Dr. R. E. MacKenzie (McGill University). For
24FL, the T7 promoter flanked the 5’ end of the insert; the T3
promoter/primer was on the 3’ side. The orientation of the
14EB insert was opposite that of 24FL. The 432-bp MTHFDIL
probe was synthesized using forward and reverse primers
STP5" (5'-AAGAACTTGCAGCCGCATCTC-3') and Mmo-
mito (5'-CCAGACCAGCCTCCTTGGCCAAA-3’), respec-
tively. The 431-bp MTHFD2 probe was synthesized using
forward and reverse primers M2F5’ (5'-ACAATCCCGCCAG-
TCACTCCTAT-3') and M2F3' (5'-TTCGTGAGCTCCATC-
TGTGTGCA-3'), respectively. The 450-bp MTHFDI probe
was synthesized using forward and reverse primers MC5' (5'-
TGAAGGCTGCTGAGGAGATTG-3') and MC3' (5'-TTAC-
TTCGACCAACCACCACCG-3’), respectively. Hybridization
and visualization were as described previously (36). Densito-
metric quantification of Northern blot bands was performed
using Image J (National Institutes of Health). The bands were
normalized to a digitized photographic negative of ribosomal
RNA on the gel from which the blot was prepared. The densities
of 18 and 28 S bands for each lane were summed and divided
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by the intensity in the lane of highest density. The relative
band densities were determined similarly for the MTHFDIL,
MTHFD2, and MTHFDI blots. The normalized values for each
lane were obtained by dividing the individual lane standardized
intensities for each blot by the standardized intensities of the
ribosomal RNA values in the respective lane. Approximate
transcript sizes were estimated by comparison with the mobil-
ities of RNA standards.

In Situ Hybridizations of Whole Mouse Embryos— Antisense
and sense probes to MTHFDI1L and MTHFD?2 transcripts were
constructed for in situ hybridizations in whole embryos (E9.5—
13.5). For both the 5’- and 3’ end probes to MTHFDIL, the
full-length mouse cDNA was shortened to ensure optimal
probe length. Shortening for the 5" end probe used two HindIII
restriction sites: one within the insert and the other in the vec-
tor. The 3’ end probe was constructed using Smal sites. Religa-
tion of each MTHFDIL plasmid yielded 873 bp of 5" sequence
and 1008 bp of 3’ sequence, respectively. Following lineariza-
tion, antisense and sense probes were synthesized using T7 and
SP6 polymerases, respectively. For MTHFD2 antisense and
sense probes, the complete 1045-bp insert was utilized. Follow-
ing linearization, T7 and T3 polymerases were utilized for syn-
thesis of the sense and antisense probes, respectively. Polymer-
ization reactions included 10 mm dithiothreitol (from the
polymerase kits), 4 units of RNase Inhibitor (Ambion), 1X
digoxigenin RNA labeling mix (1 mm ATP, CTP, and GTP, 0.65
mm UTP, 0.35 mm digoxigenin-11-UTP (Roche Applied Sci-
ence)) and diethylpyrocarbonate-treated water (Ambion).
Purification of the digoxigenin-labeled RNA probes was carried
out by ammonium acetate precipitation. Probe concentration
was determined using a NanoDrop Spectrophotometer
(Thermo-Fisher Scientific).

RNA in situ hybridization was performed as described previ-
ously (41) using BM Purple (Roche Applied Science) as the alka-
line phosphatase substrate. Light microscopy was carried out
using an Olympus SZH10 (Olympus Optical, Hamburg, Ger-
many), and the images were captured via CCD camera
(Optronics, Goleta CA). The images were collated using Adobe
Photoshop® (Adobe Systems, San Jose, CA).

Metabolic Tracer Studies—Wild type (IF22) and nullizygous
MTHFD?2 (IF74) MEFs were donated by Dr. R. E. MacKenzie
(McGill University). Both cell lines were grown on Dulbecco’s
modified Eagle’s medium/High medium (Hyclone, Logan, UT)
supplemented with 15% fetal bovine serum (Atlanta Biologi-
cals, Lawrenceville, GA), 1X penicillin/streptomycin, 1 X non-
essential amino acids (Hyclone), and 200 uMm L-glutamine. In
addition, for I[F22 cells, 3.0 um thymidine and 30 um hypoxan-
thine were added; for IF74 cells, 167 uM sodium formate
and 154 um deoxyuridine monophosphate were added (14, 34,
39). The cells were grown at 37 °C under 5% CO, on 150-mm
plates (Nunc) and divided or harvested at 80 -95% confluency.
The protocol for labeling is a modification of that described
previously (13). The labeling medium (a gift from Dr. Patrick
Stover, Cornell University) was a-minimum essential medium
(Hyclone) lacking sodium bicarbonate, folic acid, nucleotides,
nucleosides, histidine, serine, glycine, and methionine. Folic
acid (4 mg/liter), methionine (10 um), sodium bicarbonate
(2.6 g/liter), [5,5,5-*H,]leucine (100 um), and [2,3,3-*H]serine
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(500 um) were added to the medium. Dialyzed fetal bo-
vine serum (15%, 1:10 v/v in water) was also added. The cells
were trypsinized, resuspended in labeling medium, and plated.
The cells were harvested after two or three cell divisions and
either used immediately or frozen at —70 °C.

Crude protein extracts were prepared by suspending cells in
5% trichloroacetic acid and incubating on ice. Precipitated pro-
teins were recovered by centrifugation, the supernatants were
discarded, and the pellets were suspended in constant boiling 6
N HCIl (Pierce) and placed under vacuum in borosilicate tubes.
Hydrolysis of proteins was at 110 °C for 20 h. The amino acids
were derivatized using ethylchloroformate and trifluoroetha-
nol (42, 43). The lyophilized hydrolysate pellet was suspended
in 20 ul of water and the pH adjusted to ~7.0 with ammonium
bicarbonate. To this hydrolysate suspension, 100 ul of water (60
parts), trifluoroethanol (32 parts), and pyridine (8 parts) and 5
ul of ethylchloroformate were mixed and incubated for 2-3
min at room temperature. 100 ul of 1% ethylchloroformate in
chloroform was added to each sample and mixed, and the
phases were allowed to separate. The chloroform phase was
removed for mass spectrometric analysis.

Mass Spectrometry Analysis—Derivatized amino acids were
subjected to gas chromatography (Agilent 6890N with a SGE
BP5 25 meter long column, 0.22 mm I.D. and 0.25 um film
thickness) coupled to a Waters Autospec magnetic sector mass
spectrometer. Gas chromatography parameters were as previ-
ously published (43). Methionine eluted from the column at
~7.5 min. The natural abundance for fully derivatized ethyl-
chloroformate/trifluoroethanol-methionine (m#/z = 302-308)
was determined in non-deuterium-enriched IF22 MEFs by
dividing the maximum height of each mass spectra peak by the
sum of the heights of all seven peaks. Deuterium enrichment for
IF22 and IF74 cell lines were calculated as described elsewhere
(44), based on the natural abundances and the heights of peaks
in the deuterium-enriched sample peaks. The native cellular
natural abundances for MEFs were 1.76% for m/z = 302, 4.22%
for m/z = 303, 78.73% for m/z = 304, 9.79% for m/z = 305,
4.91% for m/z = 306, 0.52% for m/z = 307, and 0.07% for m/z =
308. For deuterium-enriched samples, the heights of the methi-
onine mass spectra peaks m/z = 304, 305, 306, and 307 were
measured. Resolution of the resulting matrix of equations for
singly and doubly deuterated and nondeuterated methionine
was achieved using the LINEST function in Microsoft Excel
(12). Mass spectra data were only considered reliable if the rel-
ative intensity of the base peak was above 15,000 and below
65,500. Below 15,000, background levels became problematic.
Above 65,500, the mass spectrometer detector was saturated.
To eliminate outliers caused by instrument error, multiple indi-
vidual scans within each mass spectra peak were analyzed. Sta-
tistical analysis was performed using the JMP® statistical anal-
ysis software (SAS Institute, Cary, NC). All of the p values
comparing wild type MEFs (IF22) and MTHFD2-null MEFs
(IF74) were calculated using the Student’s ¢ test.

RESULTS

Embryonic Mitochondria Synthesize Formate—Intact adult
rat liver mitochondria are able to oxidize various 1-C donors
to formate without the addition of any other cofactors
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FIGURE 2. Mitochondrial C,-THF synthase (MTHFD1L) is expressed in
both embryos and MEFs. A, immunoblotting was performed on mitochon-
driaisolated from E13.5to E17.5 embryos and from adult liver. In each lane, 50
g of total mitochondrial protein was loaded. The top panel shows MTHFD1L
protein intensities. Hsp60 is a mitochondrial matrix marker used as a loading
control. B, MTHFD1L protein was observed by immunoblot of increasing
amounts of IF22 MEF whole cell extracts.

or substrates (6, 7). Mitochondrial production of formate
requires reactions 3m, 2m, and Im of the folate-dependent
pathway (Fig. 1). To determine whether normal embryonic
mitochondria possess this pathway, 1-C oxidation assays were
performed on mitochondria isolated from mouse embryos at
E13.0 and E15.5. In this assay, a radiolabeled 1-C donor
is taken up by intact mitochondria and metabolized to for-
mate and CO, if the complete folate-dependent pathway is
functioning. [2-'*C]glycine was used because it can only
donate 1-C units in mitochondria via the glycine cleavage sys-
tem (Fig. 1, reaction 5). Formate production was assayed in
mitochondria isolated from whole mouse embryos and from
the livers of the respective mothers.

Formate production from adult mouse liver mitochondria
(1.65 = 0.12 nmol/mg) agreed well with previous results using
serine (6, 7) or glycine.” E15.5 mouse embryo mitochondria
produced significantly more formate (2.03 = 0.004 nmol/mg;
p = 0.026) than adult liver mitochondria. E13.0 embryo mito-
chondria exhibited even higher formate production (3.6 nmol/
mg), but because of the large quantity of mitochondria needed
for this assay and the miniscule size of the E13.0 embryos, only
asingle replicate could be done. These data clearly indicate that
normal embryonic mitochondria possess a complete folate-de-
pendent pathway, including the 10-CHO-THEF synthetase
reaction.

Embryonic Tissues and Cell Lines Express the MTHFDIL
Protein—The best candidate protein to contain a 10-CHO-
THEF synthetase activity in embryonic mitochondria is the
MTHFDIL gene product, which has previously been character-
ized in adult tissues (36, 38). To confirm the presence of the
MTHEDIL protein in embryos, isolated mitochondria from
E13.5-17.5 embryos were subjected to SDS-PAGE and
immunoblotting using antibodies specific for MTHFD1L
(38). A duplicate membrane was probed with antibodies
against the mitochondrial matrix marker, Hsp60, as a load-
ing control. The MTHEDIL protein is very abundant in
mouse embryos on all days examined (Fig. 24, top panel),

> A. Tibbetts, personal communication.
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FIGURE 3. Temporal expression of MTHFD1L, MTHFD1, and MTHFD2 transcripts in mouse embryos.
A, developmentally staged Northern blots were hybridized with probes to MTHFDI1L, MTHFD1 and MTHFD2
transcripts. The age of the embryos from which the RNA was obtained is indicated above the blots in embry-
onic days. Approximate transcript sizes, in kilobases, is indicated on the right. The 18 and 28 S ribosomal RNAs
from a photographic negative of the gel from which the blot was prepared are shown below the blots. These
bands were used as loading controls. B, normalized relative transcript levels from each blot.

compared with that found in the adult liver. The low expres-
sion of the MTHFDI1L enzyme in adult mouse liver is con-
sistent with previous reports showing low transcript levels in
adult human liver (36) and low protein levels in adult rat
livers (38).

Mouse embryonic fibroblasts have been used as a model sys-
tem to study embryonic 1-C flux (14, 28, 39). To better charac-
terize this model, whole cell protein extracts were prepared
from wild type MEFs and subjected to immunoblotting for
MTHEDI1L. Fig. 2B shows that MEFs also express MTHFD1L,
further validating these cells as a model of normal embryonic
metabolism.

MTHFDIL, MTHFDI1, and MTHFD2 Transcripts Exhibit
Similar Spatial Expression Patterns but Different Temporal
Expression Patterns in Developing Mouse Embryos—Tran-
scripts of MTHFD1 and MTHFD2 have previously been exam-
ined in embryos for both their spatial and, to a limited extent,
temporal expression patterns (35). Because the 10-CHO-THF
synthetase activity of MTHFDI1L bridges the activities of mito-
chondrial MTHFD2 and cytoplasmic MTHEDL1 in the 1-C
cycle, the temporal and spatial embryonic expression patterns
of the MTHFDIL gene were investigated by Northern blot and
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shown here are consistent with pre-
viously published results (27, 35).

MTHFDI1 and MTHFD?2 tran-
scripts are reported to stain ubiq-
uitously throughout mouse em-
bryos but share localized regions
of elevated expression (35). To
examine the spatial expression of
the MTHFDIL gene, in situ hybrid-
izations for the MTHFDIL and MTHFD2 mRNAs were per-
formed on E9.5 whole mouse embryos. Fig. 4 illustrates that,
like MTHFDI1 and MTHFD2, the MTHFDIL transcript is also
expressed throughout the embryo but with localized regions of
higher expression including the future forebrain, the first bran-
chial arch, and the forelimb bud. Indeed, the spatial pattern of
MTHFDIL expression, using either a 5" end (Fig. 4, panel a) or
3" end (Fig. 4, panel b) probe, is virtually indistinguishable from
that of MTHFD2 (Fig. 4, panels d and d') in E9.5 mouse
embryos. Sense probes to MTHFDIL (Fig. 4, panel c) and
MTHFD?2 (Fig. 4, panel e) showed no staining.

Using the 5’ end probe, the localization of MTHFDIL was
examined at different embryonic stages to further characterize
which areas exhibit elevated expression and how expression in
these areas changes during embryogenesis. Regions of higher
expression for all days examined included portions of the neu-
ral tube, the developing forebrain and midbrain (Fig. 5, closed
arrowheads), the craniofacial region including the first two
branchial arches (asterisk), somites (faintly at E10.5), pre-
somitic mesoderm and tail (open arrowheads), limb buds (long
arrows), and umbilicus (Fig. 5, panels d and e, closed circles).
From E11.5 to E13.5 (Fig. 5, panels c—e), the developing digits
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FIGURE 4. Spatial distribution of MTHFD1L and MTHFD2 expression in
E9.5 mouse embryos. In situ hybridization patterns of MTHFD1L (top row) are
identical for probes to the 5’ end (panel a) and 3’ end (panel b). MTHFD1L
(panels a and b) and MTHFD2 (panels d and d') demonstrate nearly identical
expression profiles. The left and right sides of the same embryo stained for
MTHFD? are represented in panels d and d’, respectively. Panels c and e are
E9.5 embryos stained with sense probes to the 5’ end of MTHFD1L and to
MTHFD2, respectively. The images are all 40X magnification.

(long arrows) are outlined, whereas the vibrissae (open circles)
only become defined on E12.5 and E13.5 (Fig. 5, panels d and e).
In these older embryos (Fig. 5, panels d and e), it is unlikely that
the probe completely penetrates the interior of the embryo.
Nevertheless, these panels reveal MTHFD1L expression in sur-
face features such as the whiskers and thin structures such as
the umbilical cord, digits, and tail. As for MTHFD2, MTHFDIL
expression was not observed in the developing heart. This
MTHFDIL expression pattern is essentially indistinguishable
from the patterns previously reported for MTHFD2 and
MTHFDI on days E9.5 and E10.5 (35). Thus, despite temporal
differences in embryonic transcript levels between MTHFD2,
MTHFDIL, and MTHFDI (as shown by Northern blotting; Fig.
3), their spatial expression patterns are essentially identical.
Embryonic Mitochondria Contribute Significant 1-C Units to
the Methyl Cycle—Having shown the presence of functional
MTHEFDIL and a complete mitochondrial folate-dependent
1-C pathway in embryonic cells, studies in MEF cells were per-
formed to determine whether disruption of this pathway
impacts cytoplasmic methyl cycle 1-C unit utilization, and if so,
to what extent. Immortalized wild type (IF22) and MTHFD2-
null (IF74) embryonic fibroblast lines were derived from E9.5—
11.5 mouse embryos (39). In this assay, previously used with
MCF-7 and SH-SY5Y cells (13, 16), deuterated serine ([2,3,3-
?H,]serine) serves as the 1-C donor, and the incorporation of
deuterium into methionine is followed. Serine donates its third
carbon, along with two deuterium atoms, to THF to form deu-
terated methylene-THF (CD,-THE). If this occurs in the cyto-
plasm, catalyzed by cSHMT (Fig. 1, reaction 4), methionine
derived from this 1-C unit will retain both deuterium atoms. On
the other hand, if the deuterated serine donates its 1-C unit in
the mitochondrion, via mitochondrial serine hydroxymethyl-
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transferase, and this mitochondrial CD,-THF is converted to
formate, one deuterium will be lost in the CH,-THF dehydro-
genase reaction (Fig. 1, reaction 3m). Formate produced from
this 1-C unit will be singly deuterated. Incorporation of this
deuterated formate into the cytoplasmic THF 1-C pool will
produce singly deuterated 5,10-methylene-THF (CDH-THE).
Methionine derived from this mitochondrial 1-C unit will
retain only one deuterium atom.

[2,3,3->H,]serine was incubated with the two MEF cell lines.
Extracted cellular proteins were hydrolyzed into free amino
acids, derivatized, and analyzed by gas chromatography-mass
spectrometry to determine the relative quantities of singly and
doubly deuterated and nondeuterated methionine in each sam-
ple. The data presented in Table 1 indicate that disruption of
the mitochondrial 1-C pathway caused a dramatic decrease
(p < 0.00001) in the ratio of singly deuterated methionine to
total deuterated methionine. For wild type cells (IF22), this
ratio ranged from 76 to 92%. In the MTHFD2-null cell line
(IF74), only 19 to 27% of deuterated methionine was singly deu-
terated. The ratios of total deuterated methionine to total
methionine, singly deuterated methionine to total methionine,
and doubly deuterated methionine to total methionine also dif-
fered significantly between the wild type and mutant cell lines.
Of particular interest, the doubly deuterated methionine to
total methionine ratio indicates that the MTHFD2-null cell
line (IF74) exhibited 9-fold greater incorporation of cyto-
plasmically derived (doubly deuterated) 1-C units relative to
the wild type cells. These data clearly demonstrate that dis-
ruption of mitochondrial flux causes significant changes in
methyl cycle metabolism.

DISCUSSION

This study establishes a critical role for the 10-formyl-
THF synthetase activity of the MTHFDIL protein in mito-
chondrial formate production during mammalian embryo-
genesis. We show that intact mitochondria isolated from
mouse embryos possess a functional 1-C pathway as evidenced
by their ability to synthesize formate from radiolabeled glycine.
Moreover, the MTHEDIL protein was detected in both embry-
onic mitochondria and MEF cells by immunoblotting (Fig. 2).
Thus, MTHFDIL catalyzes the final step in the mitochondrial
conversion of 1-C units to formate in embryos. Moreover,
MTHEDIL levels were substantially higher in embryonic mito-
chondria than in adult liver mitochondria (Fig. 2A4), and embry-
onic mitochondria exhibited greater formate production.
Because embryogenesis is a time of massive cell proliferation as
well as cell migration and differentiation, it is not surprising
that mitochondrial 1-C flux and MTHFDI1L are elevated com-
pared with adult tissues.

Northern blots and in situ hybridizations were performed
to examine the temporal and spatial expression profiles of
MTHFD2, MTHFDIL, and MTHFD1 during mouse embryo-
genesis. Although all three genes are expressed at all stages of
fetal development, each transcript exhibited a distinct temporal
profile (Fig. 3). MTHFDIL is expressed at relatively low levels
early but increases in the later stages of embryogenesis. In con-
trast, MTHFD2 expression is high during early development
but decreases as birth approaches, consistent with previous
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of MTHFDIL and MTHFD2. Pre-
vious reports showed that MTHFD2
and MTHFD1 have nearly identical
spatial patterns (35). Our results
show that the MTHFDIL gene
shares this same spatial expression
(Fig. 4). Staining was ubiquitous
throughout the embryo, but with
certain regions exhibiting elevated
levels of expression. Regions show-
ing the most intense staining
included the developing brain,
craniofacial structures, the develop-
ing limbs and digits, parts of the
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Id
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neural tube, and the tail bud (Fig. 5).
Interestingly, nearly all of these
regions are associated with neural
crest cells (NCCs). The craniofacial
region and neural tube, as well as the
peripheral and autonomic nervous
system (found in the limbs, digits,
and vibrissae) are all of NCC origin
(48, 49). Moreover, many of the ele-

E13.5

ﬁ
/'

e

N
N

vated areas are developing into
highly complex and organized tis-
sues, organs, and body regions (i.e.
forebrain, limbs, and digits). In
either case, these cells would be
undergoing high levels of cell divi-
sion, differentiation, and, in the
case of NCCs, migration. In fact,
dysregulation of NCCs has previ-
ously been suggested to be a factor
in folate-associated neural tube

FIGURE 5. mRNA Expression of MTHFD1L in Mouse Embryos. /n situ hybridization of MTHFDI1L (5’ end probe)
mRNA was performed on whole mouse embryos ranging from E9.5 to E13.5. Expression was observed through-
out the embryos at all of these stages. MTHFDI1L is especially prominent in the developing forebrain and
midbrain (closed arrowheads); developing limb buds and digits (panels a-e, long arrows); somites, presomitic
mesoderm, and developing tail (open arrowheads); and developing branchial arches and embryonic jaw (aster-
isks). Expression is observed in the developing vibrissae (open circles) at E12.5 (panel d) and E13.5 (panel e) and
umbilicus (closed circle). The images were photographed at 40X magnification for E9.5 and E10.5 (panel a and
b), 30X for E11.5 and E12.5 (panels c and d), and 12.5X for E13.5 embryos (panel e).

results (35). The MTHFD1 transcript exhibited an early peak of
expression around embryonic day 6 and then increased again as
birth approached (Fig. 3A). A late increase in MTHFD expres-
sion was also observed in fetal rat liver (27). Thus, transcrip-
tional control of these genes provides a mechanism to modulate
the flux of 1-C units from mitochondria into cytoplasmic pro-
cesses such as purine and thymidylate biosynthesis and the
methyl cycle. De novo purine biosynthesis is essential for cell
division, and S-adenosylmethionine (AdoMet) synthesis is crit-
ical for chromatin and DNA methylation, which play essential
roles during cell differentiation (45, 46) and cell migration (47).
Because proper development requires precise interplay of cell
proliferation, migration, and differentiation, coordinate con-
trol of the transcription of these three genes likely plays an
important role during embryogenesis.

In situ hybridization studies were performed on whole
mouse embryos to compare the spatial transcript profiles
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defects (50, 51). As seen with
MTHFD1 and MTHFD?2, the re-
gions of elevated expression for
MTHFDIL parallel those reported
here (Fig. 4) and elsewhere for
MTHFD2 (34) on days E9.5 and
E10.5. Thus, in developing mam-
mals, MTHFDIL, MTHFD?2, and MTHFDI appear to have two
alternative expression states: a ubiquitous low basal expression
level throughout the embryo and a higher expression level in
selected tissues. The low basal expression levels are sufficient to
support 1-C metabolism in most cells, but certain cells require
increased 1-C flux to supply 1-C units for de novo purine and/or
AdoMet synthesis.

Of note, at least two folate-responsive mouse mutations
causing neural tube defects affect regions that show elevated
expression of MTHFDIL, MTHFD1, and MTHFD2. In crooked
tail mice (52, 53), the tail develops an abnormal “crook” in het-
erozygotes, and exencephaly is common in homozygotes. Cartl
mutants develop exencephaly associated with decreased den-
sity of mesenchyme cells in the developing forebrain (54). The
forebrain and tail bud of mouse embryos are regions where
MTHFD2, MTHFDIL, and MTHFDI transcripts are all ele-
vated (Fig. 5). Because these areas have higher potential rates of
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TABLE 1

Metabolic tracer studies: determination of deuterated 1-C unit
species in methionine

Singly deuterated methionine to total deuterated methionine (Met,;/Met.,), total
deuterated methionine to total methionine (Met,/Mety,,), singly deuterated
methionine to total methionine (Met,,,/Met..), and doubly deuterated methionine
to total methionine (Mety,/Met.) were measured in wild type (IF22) and
MTHFD2 nullizygous (IF74) MEFs after incubation with [2,3,3-*H,]serine. The
relative intensities of each methionine isotopic species were measured using gas
chromatography-mass spectrometry. Total deuterated methionine is the sum of
singly and doubly deuterated methionine. Total methionine is total deuterated
methionine plus nondeuterated methionine. Each sample calculation gives the per-
centage * standard deviation derived from the individual mass spectra of the
respective ratio for each biological replicate. Each average calculation reports the
average of the biological replicates along with the standard deviation. The p values
compare the IF22 and IF74 averages.

Mety,,/ Met,,/ Mety,,/ Metp,,/
Met Met, Met ., Met,,
IF22
Sample 1 922*71 49*17 46*17 04=*03
Sample 2 89.0 = 6.8 39*x16 34*12 05*x04
Sample 3 759*76 28*+13 21*10 07*04
Average 857+86 39*11 34*13 05%02
1IF74
Sample 1 269+ 144 55*22 14*08 41*17
Sample 2 235*29 73*14 17*05 56=*09
Sample 3 189+79 50*26 11*07 39*17
Average 231+40 59*12 14*03 45*09
p values for IF22 vs. IF74 ~ <0.00001 0.003 <0.0001  <0.0001

mitochondrial 1-C flux, aberrations in folate-mediated 1-C
metabolism, whatever the cause, might be more detrimental in
these areas compared with regions expressing lower levels of
these enzymes. Indeed, a common variant in the human
MTHFDIL gene has recently been shown to be associated with
increased risk of neural tube defects in an Irish population (55).

Embryonic cells thus possess a complete mitochondrial 1-C
pathway capable of oxidizing 1-C units from donors such as
serine or glycine to formate. Moreover, this mitochondrial
pathway is linked to cytoplasmic de novo purine synthesis
and the methyl cycle via the 10-CHO-THEF synthetase and the
CH,-THF dehydrogenase/5,10-methenyl-THF cyclohydrolase
activities of cytoplasmic MTHFDL1. This suggests that the mito-
chondrial 1-C pathway, in conjunction with MTHED1 in the
cytoplasm, modulates the flow of 1-C units not only into
purines but also into the methyl cycle. Previous studies with
cultured cells confirm that mitochondria supply 1-C units to
the cytosol for de novo synthesis of purines (4, 14, 28, 39) and
thymidylate (13, 16). Studies in animals and cancer-derived cell
lines have suggested that the mitochondrial 1-C pathway can
also supply most of the methyl cycle 1-C units as well (12,13, 16,
17, 29). However, direct evidence that disruption of mitochon-
drial 1-C flux causes perturbations in the methyl cycle has been
lacking. We used metabolic tracer experiments in MEFs to test
this hypothesis. Wild type cells directed significantly more
mitochondrially derived 1-C units into the methyl cycle than
the MTHFD2-null cells (86% versus 23%; Table 1), confirming
the participation of the mitochondrial pathway in the produc-
tion of methyl cycle 1-C units in embryonic cells. These results
are consistent with previous reports showing that 70-99% of
methyl cycle 1-C units are of mitochondrial origin in normal
mammalian cells and tissues (12, 13, 16).

Furthermore, the data from these metabolic tracer studies
show that no more than 25-30% of 1-C units in the methyl cycle
could be cytoplasmically derived. This number correlates with
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that seen in adult tissues (12). This residual of singly deuterated
1-C units in the mthfd2-null cells suggests that there is likely an
additional mitochondrial 5,10-CH,-THF dehydrogenase active
in these cells. We have recently discovered a MTHFD2-like
protein with this activity in adult mitochondria.® Future work
will determine whether this enzyme is also present in embry-
onic cells and tissues.

One potential consequence of this compartmentalized path-
way that directs most 1-C units through the mitochondria is
that de novo purine synthesis may have priority over dTMP and
AdoMet production with respect to the 1-C units. That is,
mitochondrial formate passes through the 10-CHO-THF pool
(donor for purines) before it reaches the CH,-THF pool (donor
for dTMP) and 5-methyl-tetrahydrofolate pool (donor for
AdoMet). This might be especially important in rapidly divid-
ing cells. The CH,-THF pool may be further compartmental-
ized between cytoplasm and nucleus. Previous studies with cul-
tured cells suggested that cSHMT can regulate the partitioning
of CH,-THF between thymidylate and AdoMet synthesis (13).
It was subsequently shown that during the S phase of the cell
cycle, cSSHMT translocates into the nucleus and provides CH,-
THEF for dTMP synthesis (2). Thus, compartmentalization may
be an important mechanism by which the limited supply of
THF-activated 1-C units is preferentially directed into specific
pathways to meet the changing metabolic needs of the cell.
Enzyme defects that block or decrease 1-C flux through one
compartment may cause increased flux through alternative
pathways in other compartments. Indeed, knock-out mice lack-
ing ¢SHMT exhibit increased uracil incorporation into liver
DNA, suggesting that cSHMT normally prevents uracil misin-
corporation by maintaining adequate nuclear dTMP synthesis
(17). Conversely, mice with deficient MTHFDI expression
exhibit decreased uracil incorporation into liver DNA (29).
Thus, 1-C unit compartmentalization may play a role in normal
developmental processes, as well as disease processes, such as
thymidylate deficiency-induced double-stranded DNA breaks
that are common in some colorectal cancers (56 —58).
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