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Previous studies in our laboratory showed that isolated, in-
tact adult rat liver mitochondria are able to oxidize the 3-car-
bon of serine and the N-methyl carbon of sarcosine to formate
without the addition of any other cofactors or substrates. Con-
version of these 1-carbon units to formate requires several fo-
late-interconverting enzymes in mitochondria. The enzyme(s)
responsible for conversion of 5,10-methylene-tetrahydrofolate
(CH,-THF) to 10-formyl-THF in adult mammalian mitochon-
dria are currently unknown. A new mitochondrial CH,-THF
dehydrogenase isozyme, encoded by the MTHFD2L gene, has
now been identified. The recombinant protein exhibits robust
NADP*-dependent CH,-THF dehydrogenase activity when
expressed in yeast. The enzyme is localized to mitochondria
when expressed in CHO cells and behaves as a peripheral
membrane protein, tightly associated with the matrix side of
the mitochondrial inner membrane. The MTHFD2L gene is
subject to alternative splicing and is expressed in adult tissues
in humans and rodents. This CH,-THF dehydrogenase
isozyme thus fills the remaining gap in the pathway from CH,-
THEF to formate in adult mammalian mitochondria.

Tetrahydrofolate (THF)3-dependent 1-carbon metabolism
is highly compartmentalized in eukaryotes, with THF-depen-
dent enzymes found in mitochondria, cytoplasm, and nuclei
(1, 2). The 3-carbon of serine is the major 1-carbon donor in
most organisms, including humans (3), and THF can be
charged with this 1-carbon unit in both the cytoplasmic and
the mitochondrial compartments via serine hydroxymethyl-
transferase (Fig. 1, reactions 4 and 4m), resulting in the for-
mation of 5,10-methylene-THF (CH,-THF). Cytoplasmic
CH,-THEF can be reduced to 5-methyl-THF (CH;-THEF) (re-
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action 6) for entry into the methyl cycle, it can be oxidized to
10-formyl-THF (10-CHO-THEF) (reactions 3 and 2) for purine
synthesis, or it can be used for nuclear thymidylate (dTMP)
synthesis (reaction 10) (2). The other product of the serine
hydroxymethyltransferase reaction, glycine, can be metabo-
lized by the mitochondrially localized glycine cleavage system
(reaction 5), producing CH,-THF from its 2-carbon (4, 5).
CH,-THE, from either serine or glycine, can be oxidized to
10-CHO-THF by mitochondrial versions of reactions 3 and 2.
10-CHO-THEF can either be converted to formate and THF
by 10-formyl-THF synthetase (reaction 1m) or oxidized to
form CO, and THF by 10-formyl-THF dehydrogenase (reac-
tion 11) (6, 7).

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

In eukaryotes, the cytoplasmic activities of CH,-THF dehy-
drogenase, 5,10-methenyl-THF (CH"-THF) cyclohydrolase,
and 10-CHO-THEF synthetase (Fig. 1, reactions 1-3) are pres-
ent on a trifunctional enzyme called C,-THF synthase (18—
22). The mammalian version of this trifunctional enzyme is
encoded by the MTHFD1 gene (23-25), and its cytoplasmic
protein product will herein be designated as MTHFDI1.

The enzymes catalyzing reactions 1m—3m (Fig. 1) in mam-
malian mitochondria are much less clear. MacKenzie and co-
workers (26, 27) characterized a bifunctional NAD " -depen-
dent CH,-THF dehydrogenase/CH*-THF cyclohydrolase
(reactions 3m and 2m), originally isolated from ascites tumor
cells. This enzyme was later shown to be a mitochondrial pro-
tein (28, 29), encoded by the nuclear MTHFD?2 gene. Notably,
this enzyme (MTHFD?2 protein) is found only in transformed
mammalian cells and embryonic or non-differentiated tissues
(26) but is essential during embryonic development (30, 31).
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 (32). This isozyme, herein referred to as
MTHEFD1L, is a homolog of the cytoplasmic MTHFD1. Un-
like MTHEFD1, however, MTHFDIL is a monofunctional en-

VOLUME 286-NUMBER 7+-FEBRUARY 18, 2011



MTHFD2L Encodes a Mitochondrial CH,-THF Dehydrogenase

Cytoplasm Mitochondria
Folate / Folate \
AdoMet +—— Methionine
Methyl cycle 7 THF glyc?lysis THE
AdoHcy — Hcy serine <>  serine A
CHy-THF 4 4m
6 glycine <% glycine %sarcosine
/CH? -THF i \Is\—— CH,-THF_  THF
dT™MP 10 ‘ NADP A 8 dimethylglycine|
3 CO, + NH, 3m¢ 3
NADPH betaine
CH*‘—THF CH* -THF t
h
* 2 Zm* choline
purines -«— CHO-THF CHO-THF
V/ A > ADP +P, ADP + P, 1T~ CO,
1 im
THF ATP ATP

THF /

FIGURE 1. Mammalian 1-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 mito-
chondria, reaction 1m is catalyzed by monofunctional MTHFD1L, and reac-
tions 2m and 3m are catalyzed by bifunctional MTHFD2 or MTHFD2L. The
other reactions are catalyzed by the following: 4 and 4m, serine hydroxy-
methyltransferase; 5, glycine cleavage system; 6, 5,10-methylene-THF re-
ductase; 7, methionine synthase; 8, dimethylglycine dehydrogenase; 9, sar-
cosine dehydrogenase; 10, thymidylate synthase; 11, 10-formyl-THF
dehydrogenase (only the mitochondrial activity of this enzyme is shown,
but it has been reported in both compartments in mammals). All reactions
from choline to sarcosine are mitochondrial except the betaine-to-dimeth-
ylglycine conversion, which is cytoplasmic. Hcy, homocysteine; AdoHcy, S-
adenosylhomocysteine; AdoMet, S-adenosylmethionine.

formate - > formate

zyme, containing only the 10-CHO-THEF synthetase activity
(33). The lack of CH,-THF dehydrogenase/CH"-THF cyclo-
hydrolase activities (reactions 3m and 2m) in MTHFD1L
thus leaves a gap in this pathway in adult mammalian
mitochondria.

Here we report the identification and characterization of a
new mitochondrial CH,-THF dehydrogenase isozyme, en-
coded by the MTHFD2L gene. The MTHFD2L gene is ex-
pressed in adult tissues, thus completing the pathway from
CH,-THEF to formate in adult mammalian mitochondria.

EXPERIMENTAL PROCEDURES

Chemicals and Reagents—Oligonucleotides were synthe-
sized by IDT (Coralville, IA). Nitrocellulose membranes were
obtained from Midwest Scientific (Valley Park, MO). The
ECL Plus Western blotting detection reagent was from GE
Healthcare. T7, T3, and SP6 polymerases were purchased
from Epicenter (Madison, W1I). Restriction enzymes were pur-
chased from either Invitrogen or Fisher/Promega.

Animals—All study protocols were approved by the Institu-
tional Animal Care and Use Committee (IACUC) of The Uni-
versity of Texas, Austin, TX and conform to the National Re-
search Council Guide for the Care and Use of Laboratory
Animals (58). Sprague-Dawley rats, ages 8 —12 weeks, were
sacrificed by CO,, asphyxiation, and tissues were harvested
and stored in RNAlater (Ambion/Applied Biosystems) ac-
cording to the manufacturer’s instructions prior to total RNA
isolation.

Cloning of Full-length Rat MTHFD2L ¢cDNA—Total RNA
was isolated from adult rat brain by grinding tissue in TRI
Reagent (Ambion/Applied Biosystems; 100 mg tissue/ml) and
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following the manufacturer’s instructions for RNA isolation.
Contaminating genomic DNA was removed using Turbo
DNase (Ambion/Applied Biosystems). Reverse transcription
was performed using DNase-treated total rat brain RNA with
Moloney murine leukemia virus reverse transcriptase (Am-
bion/Applied Biosystems) and random hexamer primers. The
full-length rat MTHFD2L cDNA was PCR-amplified from the
resulting cDNA using oligonucleotide primers rMTHFD2Ls
(5'-CCTACATATGGCGACGCGGGCCCGTG-3'; Ndel
recognition site underlined; start codon in bold) and
rMTHFD2Lr2 (5'-CGCCTCGAGGTAGGTGATATTCTTG-
GCAGC-3’; Xhol recognition site underlined). Primer design
was based on the predicted rat mRNA sequence (National
Center for Biotechnology Information (NCBI) Reference Se-
quence NM_001107211.1). The addition of MasterAmp PCR
enhancer with betaine (MasterAmp 7fI DNA polymerase kit;
Epicenter Biotechnologies, Madison, W1) was required in this
reaction to enhance processivity through the GC-rich 5" end
of the rat cDNA. The resulting PCR-amplified fragment was
cleaved with Ndel and Xhol and cloned into the pET22b vec-
tor (Novagen/EMD Biosciences). The DNA sequence of the
resulting construct was verified at the DNA Core Facilities of
the Institute for Cellular and Molecular Biology at the Univer-
sity of Texas, Austin, TX. The full-length rat MTHFD2L
cDNA was subsequently cloned into a mammalian expression
vector, pcDNA3.1/V5-His-TOPO (Invitrogen), using se-
quence- and ligation-independent cloning (34). The rat
MTHFD2L insert was PCR-amplified from pET22b-
rMTHFD2L using the forward primer, 5'-GGCTAGTTAAG-
CTTGGTACCGAGCTCGGATCATGGCGACGCGGGCC-
CGT-3' (start codon in bold), and the reverse primer, 5'-TAG-
ACTCGAGCGGCCGCCACTGTGCTGGATGTAGGTGAT-
ATTCTTGGC-3', with underlined portions of the primers
complementary to the rat MTHFD2L cDNA sequence. The
PCR product contains 1014 bp of MTHFD2L cDNA, exclud-
ing the stop codon, flanked by 31 bp (5") and 30 bp (3’) of the
pcDNA3.1 vector. The vector was digested with BamHI and
EcoRV and gel-purified prior to ligation-independent cloning
with PCR-amplified rat MTHFD2L cDNA. The full-length
MTHEFD2L protein is expressed with a 14-amino acid V5
epitope and His, tag fused to its C terminus in this vector.
The cloned sequence, confirmed by DNA sequencing, is iden-
tical to the predicted mRNA sequence (NCBI Reference
Sequence NM_001107211.1).

Transcript Analysis—Total RNA from adult human brain
and placenta was obtained from Ambion/Applied Biosystems.
Rat RNAs were isolated from various tissues as described
above. Transcripts were analyzed by reverse transcription-
PCR (RT-PCR). First strand cDNA was synthesized using
Moloney murine leukemia virus reverse transcriptase and
random decamers. PCR was performed with primers (Table 1)
based on the predicted human (NCBI Reference Sequence
NM_001144978) or rat mRNA sequence. PCR products were
excised and gel-purified using a PCR clean-up kit (Fisher/
Promega or Qiagen), ligated into the pGEM-T Easy plasmid
(Fisher/Promega), and transformed into Z-Competent (Zymo
Research, Orange, CA) XL10 Gold Escherichia coli cells (Agi-
lent Technologies, Santa Clara, CA). Plasmids were isolated
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TABLE 1

Sequences of oligonucleotide primers used to analyze intron-exon
structure

Gene location

Name (exon no.) Sequence (5" —3')
hNCRTforl 1 AGTCCGGAAGCCGGGGAT
hNCrace2 3 CCTGACATATGTATGGCTTGCTGG
hJunclto3f2 1,3 GCGGTGTGAGACATGAAGC
hNCRTend1 9 ATAGCATGACTTCAGTTTGC
rD2Lexon7 7 CGGTGACCATAGCTCACAGA
rD2Lexon9 9 GCTCTCCCCTGCGATCTAGTA

using the E.Z.N.A. plasmid mini kit (Omega Bio-Tek,
Norcross, GA) or GeneJet plasmid miniprep kit (Fermentas,
Glen Burnie, MD), and their inserts were sequenced.

Mitochondrial Isolation and Submitochondrial Fraction-
ation from CHO/pcDNA3.1-MTHFD2L Cells—The
pcDNA3.1-MTHEFD2L construct was expressed in the glyB
line of CHO cells (35, 36). Cell culture and selection of stable
transfectants were carried out as described previously (32, 37).
Cells were disrupted and processed to give cytosolic and mi-
tochondrial fractions as described (32). Mitochondria were
isolated essentially according to Rickwood et al. (38) and sub-
fractionated by a modified digitonin method (39, 40) using
0.12 mg of digitonin/mg of mitochondria. Digitonin-treated
mitochondria were centrifuged at 10,000 X g for 10 min to
obtain a pellet containing crude mitoplasts. The supernatant
fraction was centrifuged again 10,000 X g for 10 min. The
final supernatant (containing the outer membrane and inter-
membrane space) was centrifuged at 100,000 X g for 1 h at
4 °C in a Beckman L8-70M ultracentrifuge using a 50Ti rotor.
The supernatant contained the intermembrane space fraction,
and the pellet was resuspended in ~200 ul of homogenization
solution (HMS: 0.25 M sucrose, 1 mm EGTA, 0.5% BSA, 10
mMm Hepes-NaOH (pH 7.4)) without BSA to yield the outer
membrane fraction. The crude mitoplasts obtained after the
first 10,000 X g spin were washed and resuspended in HMS
without BSA, mixed with an equal volume of 0.025 M HEPES,
pH 7.0, containing 1% Triton X-100 (0.5% final), and incu-
bated on ice for 30 min. Triton-treated mitoplasts were cen-
trifuged at 100,000 X g for 1 h. The supernatant contained the
matrix fraction, and the pellet was resuspended in HMS with-
out BSA to yield the inner membrane fraction. Protein con-
centrations of all fractions were measured using a Bradford
assay (41).

Immunoblotting—Mitochondrial subfractions (outer mem-
brane, intermembrane space, inner membrane, and matrix)
were separated by SDS-PAGE and immunoblotted as de-
scribed previously (37). The primary antibodies used were
mouse monoclonal anti-V5 (Invitrogen), mouse monoclonal
anti-COX I (Santa Cruz Biotechnology, Santa Cruz, CA), rab-
bit polyclonal anti-hsp60 (Enzo Life Sciences, Ann Arbor,
MI), rabbit polyclonal anti-Bcl-xg,; (Santa Cruz Biotechnol-
ogy), rabbit polyclonal anti-manganese superoxide dismutase
(StressGen Biotechnologies, San Diego, CA), and rabbit poly-
clonal anti-porin (Calbiochem). Secondary antibodies were
HRP-conjugated goat anti-mouse and goat anti-rabbit IgGs
from Zymed Laboratories Inc. (San Francisco, CA). Reacting
bands were visualized by enhanced chemiluminescence
detection.
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Alkaline Carbonate Extraction and Protease Treatment of
Mitochondria—Alkaline carbonate extraction and protease
treatment of mitochondria were performed as described pre-
viously (37). The soluble and membrane fractions from each
treatment were subjected to SDS-PAGE and immunoblotting
as described above.

Expression in Yeast and Enzyme Assay— The full-length rat
c¢DNA was subcloned from pET22b-rMTHFD2L using se-
quence- and ligation-independent cloning (34) into a YEp24-
based yeast expression vector containing the Saccharomyces
cerevisiae MET6 promoter (42). This vector (Yep24ES) was
modified by Everett Stone (University of Texas, Austin, TX)
to include a multiple cloning site and an N-terminal His, tag.
The rat MTHFD2L insert was PCR-amplified from pET22b-
rMTHEFD2L using the forward primer, 5'-GTCATCACCAT-
CACCATCACGGATCCATGGCGACGCGGGCC-3' (start
codon in bold), and the reverse primer, 5'-ACCTTAGCGGC-
CGCAGATCTGGTACCCTAGTAGGTGATATTCT-3/,
with underlined portions of the primers complementary to
the rat MTHFD2L cDNA sequence. In this construct, YEp-
rMTHFD2L, the entire rat mitochondrial ORF, including the
mitochondrial presequence, is expressed from the strong con-
stitutive MET6 promoter of the vector. Yeast strain MW Y4.4
(serl ura3-52 trpl his4 leu2 ade3-65 Amtdl) (9) was trans-
formed with YEp-rMTHFD2L using the high efficiency lith-
ium acetate yeast transformation protocol from Gietz and
Woods (43). Transformed cells were grown in selective syn-
thetic minimal medium and harvested at an A, of ~4, and
the wet weight of each cell pellet was determined. Cells were
disrupted with glass beads using a FastPrep FP120 cell disrupter
(MP Biomedicals, Solon, OH) to yield the whole lysate. A cleared
lysate was obtained from the whole lysate by centrifugation at
30,000 X g for 30 min. Aliquots (50 ul) of whole and cleared ly-
sates were assayed for NAD™ - and NADP " -dependent CH,-
THEF dehydrogenase activity as described (44). Enzyme activity in
each fraction was normalized to the wet weight of the cell pellet.
YEp-rMTHFD2L and Yep24ES were also transformed into yeast
strain MWY4.5 (serl ura3-52 trp1 his4 leu2 ade3-30/65 Amtd1)
(45) for in vivo complementation tests.

RESULTS

Gene Identification and cDNA Cloning—A fourth C,-THF
synthase homolog was identified on human chromosome 4 at
4q13.3 by a BLAST search using the human MTHFDI cDNA
sequence. This gene, designated MTHFD2L (MTHFD2-Like),
is present in all sequenced vertebrate genomes, including
mouse and rat. The mammalian MTHFD2L ORF is homolo-
gous to the mitochondrial bifunctional dehydrogenase/
cyclohydrolase (MTHFD2 gene) and the N-terminal dehydro-
genase/cyclohydrolase domains of cytoplasmic and mitochon-
drial C,-THF synthase (MTHFDI1 and MTHFDIL genes) (Fig.
2). The predicted initiator codon sits within a near perfect
expanded Kozak consensus sequence in the first exon (46),
and the N terminus has the characteristics of a mitochondrial
leader sequence, including the potential to form a positively
charged amphipathic « helix. Several expressed sequence tags
and cDNAs from the MTHFD2L locus have been sequenced
from adult tissues in human, mouse, and rat, indicating that
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FIGURE 2. Sequence alignment of MTHFD2L, MTHFD 1L, MTHFD2, and MTHFD1 proteins. Full-length MTHFD2L and MTHFD?2 are aligned with the N-
terminal dehydrogenase/cyclohydrolase domains of MTHFD1 and MTHFD1L. The leading lowercase letter in each protein name indicates the source (h,
human; m, mouse; r, rat). Black boxes denote identity, and white boxes denote conservative substitutions. Residues shown to be critical to dehydrogenase/
cyclohydrolase activity (positions 93, 206, 211, and 238 in the alignment) are indicated by asterisks. The alignment was produced using the CLC Sequence
Viewer (version 6.3), and the output was generated by the ESPript 2.2 web server.

this gene is expressed in adult tissues. Importantly, the pre-
dicted MTHFD2L proteins possess four amino acids (Lys-93,
Arg-206, Gly-211, and Arg-238 in Fig. 2) shown to be critical
for dehydrogenase and/or cyclohydrolase activity (24). These
four residues have been substituted in all MTHFDIL-encoded
monofunctional mitochondrial C;-THF synthases (33). Based
on these observations, we propose that the MTHFD2L gene
encodes the enzyme responsible for the CH,-THF dehydro-
genase activity observed in adult mammalian mitochondria
(6,7).

CHO Cell Expression and Subcellular Localization—To
determine whether the protein encoded by this cDNA was, in
fact, mitochondrial, we expressed the cDNA in CHO cells.
The C terminus of the full-length rat MTHFD2L cDNA was
fused to the 14-amino acid V5 epitope and a His, tag. This
plasmid, pcDNA/rMTHFD2L, was transfected into CHO
cells, and G418-resistant colonies were selected and grown.
The cytosolic and mitochondrial fractions from transfected
and untransfected (control) cells were isolated and subjected
to SDS-PAGE and immunoblotting using antibodies against the
V5 epitope (Fig. 3). A clear signal at ~37 kDa was detected in the
mitochondrial fraction (lane 4), but not the cytoplasmic fraction
(lane 3), of the transfected CHO cell line. This mobility is con-
sistent with the expected size of the epitope-tagged construct.
No signal was seen in either fraction of the untransfected CHO
cell line (lanes 1 and 2). These results confirm that the
MTHFD2L gene encodes a protein that localizes exclusively to
mitochondria in a mammalian cell line.

To determine the submitochondrial localization of the
rMTHEFD2L protein, mitochondria were isolated from trans-
fected CHO cells and subfractionated as described under “Ex-
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FIGURE 3. Subcellular localization of epitope-tagged rat MTHFD2L ex-
pressed in CHO cells. Cytoplasmic (cyto) and mitochondrial (mito) fractions
from untransfected control CHO cells (lanes T and 2) or cells transfected
with pcDNA3.1-rMTHFD2L (/anes 3 and 4) were fractionated on a 10% SDS-
polyacrylamide gel and immunoblotted with anti-V5 antibodies (1:1000
dilution). Each lane contains 50 ug of total protein. Sizes of molecular mass
markers in kDa are shown on the right.

perimental Procedures.” These submitochondrial fractions
were subjected to SDS-PAGE and immunoblotting using anti-
bodies against the V5 epitope and against various mitochon-
drial marker proteins. COX I was found predominantly in the
inner membrane fraction (47) as expected (Fig. 4, lane 5).
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FIGURE 4. Submitochondrial localization of epitope-tagged rat
MTHFD2L expressed in CHO cells. Mitochondria were subfractionated as
described under “Experimental Procedures.” Whole mitochondria (MT),
outer membrane (OM), intermembrane space (IMS), matrix (Mat), and inner
membrane (IM) fractions were resolved on 10% SDS-polyacrylamide gels
and subjected to immunoblotting with anti-V5 (1:1500 dilution), anti-Hsp60
(inner membrane/matrix marker; 1:1200 dilution), anti-COX | (inner mem-
brane marker; 1:1000 dilution), or anti-Bcl-xs, (outer membrane marker;
1:750 dilution) antibodies. MTHFD2L migrated at an apparent molecular
mass of 37 kDa, Hsp60 migrated at 60 kDa, COX | migrated at an apparent
molecular mass of 35 kDa, and Bcl-xs, migrated at an apparent molecular
mass of 32 and 35 kDa.
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Hsp60, an inner membrane/matrix marker (48), was found
predominantly in the matrix fraction (Fig. 4, lane 4), and Bcl-
Xg,1, an outer membrane marker (49), was found predomi-
nantly in the outer membrane fraction (Fig. 4, lane 2). As ob-
served previously (37, 50), anti-Bcl-xg,; antibodies detected a
doublet in CHO cell mitochondria. MTHFD2L, detected by
the anti-V5 antibodies, was distributed between the inner
membrane and matrix fractions (Fig. 4, lanes 4 and 5), sug-
gesting that the protein is partly associated with the mito-
chondrial inner membrane.

To determine whether the inner membrane-associated
MTHED2L is a peripheral or an integral membrane protein,
alkaline (pH 11.5) sodium carbonate extraction was per-
formed on whole mitochondria. Sodium carbonate releases
peripheral membrane proteins into the supernatant, whereas
integral membrane proteins are retained in the insoluble
membrane pellet (51). The integral membrane marker pro-
tein, porin (voltage-dependent anion channel (VDAC)), was
observed in the pellet after sodium carbonate treatment
(membrane fraction; Fig. 5, lane 2), whereas the peripheral
membrane marker protein, manganese superoxide dismutase
(MnSOD), was released into the supernatant (soluble fraction;
Fig. 5, lane 1). In contrast to both porin and manganese su-
peroxide dismutase, V5-tagged MTHFD2L was distributed
equally between the membrane and soluble fractions (Fig. 5,
lanes 1 and 2). Mitochondria treated with NaCl of the same
ionic strength as Na,COj failed to release MTHFD2L effi-
ciently from the membrane fraction (Fig. 5, lane 3 versus 4).
Triton X-100 treatment also released less than half of the
MTHEFD2L from the membrane (Fig. 5, lanes 5 versus 6).
Manganese superoxide dismutase, although a matrix marker,
has been reported to behave partly as an insoluble membrane
protein (52), even in the presence of detergent (37, 47), ex-
plaining its presence in the membrane fraction even after
treatment with Triton X-100 (Fig. 5, lane 6). Thus,
rMTHEFD2L behaves as a tightly associated peripheral mem-
brane protein of the mitochondrial inner membrane.

To determine the topology of MTHFD2L within the mito-
chondrial inner membrane, mitoplasts were treated with
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FIGURE 5. Alkaline carbonate extraction of CHO cell mitochondria ex-
pressing epitope-tagged rat MTHFD2L. CHO cell mitochondria were pre-
pared and subjected to Na,CO; or NaCl or Triton X-100 extraction as de-
scribed under “Experimental Procedures.” The insoluble integral membrane
proteins (pellet; P) were separated from the soluble and peripheral mem-
brane proteins (supernatant; S) by ultracentrifugation. Equal concentrations
of pellet and supernatant proteins were fractionated on a 10% SDS-poly-
acrylamide gel and subjected to immunoblotting with anti-V5 (1:4000 dilu-
tion), anti-manganese superoxide dismutase (MnSOD) (peripheral mem-
brane protein marker; 1:2000 dilution), or anti-porin (integral membrane
protein marker; 1:2000 dilution) antibodies. MTHFD2L migrated at an ap-
parent molecular mass of 37 kDa, manganese superoxide dismutase mi-
grated at an apparent molecular mass of 25 kDa, and porin migrated at an
apparent molecular mass of 31 kDa.
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FIGURE 6. Proteinase K digestion of CHO cell mitochondria expressing
epitope-tagged rat MTHFD2L. Mitoplasts were prepared by the digitonin
method and treated with 100 wg/ml proteinase K (PK) as described under
“Experimental Procedures.” Protease treatment was stopped by the addi-
tion of PMSF to 1 mm, and the mitoplast suspensions were centrifuged
through sucrose cushions. The resulting pellets were resuspended in equal
volumes of HMS without BSA, fractionated on a 10% SDS-polyacrylamide
gel, and subjected to immunoblotting with anti-V5 (1:1500 dilution) or anti-
Hsp60 (inner membrane/matrix marker; 1:1200 dilution) antibodies. Mito-
plasts incubated with 1% Triton X-100 (TX-700) in the presence or absence
of proteinase K were used as controls. These Triton X-100-treated controls
were analyzed directly without centrifugation through sucrose cushions.
MTHFD2L migrated at an apparent molecular mass of 37 kDa, and Hsp60
migrated at an apparent molecular mass of 60 kDa.

proteinase K in the presence or absence of Triton X-100.
V5-tagged MTHFD2L behaved identically to the inner mem-
brane/matrix marker, Hsp60. MTHFD2L was completely re-
sistant to digestion in the absence of detergent (Fig. 6, lane 1
versus lane 2) but was completely degraded when the mem-
branes were solubilized by 1% Triton X-100 (Fig. 6, lane 3
versus lane 4). Thus, the inner membrane protected against
proteolysis, indicating that rMTHFD2L is located on the ma-
trix side of the inner mitochondrial membrane.

Expression in Yeast—The full-length rat MTHFD2L cDNA
fused to a C-terminal His tag was subcloned into a yeast ex-
pression vector (Yep24-rMTHFD2L) and transformed into
strain MWY4.4. This strain carries a point mutation in the
ADES3 gene that inactivates the NADP " -dependent CH,-THF
dehydrogenase activity of the cytoplasmic trifunctional C,-
THEF synthase (8), and it carries a deletion of the MTDI gene
encoding a monofunctional cytoplasmic NAD " -dependent
CH,-THF dehydrogenase (44). The low residual CH,-THF
dehydrogenase activity in this strain is NADP " -dependent
due to the mitochondrial C,-THF synthase isozyme (8).
MWY4.4 cells transformed with Yep24-rMTHFD2L overex-
pressed NADP " -dependent CH,-THF dehydrogenase activity
~12-fold when compared with control cells (Fig. 7A). NAD " -
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FIGURE 7. Expression of recombinant rat MTHFD2L in yeast. A, S. cerevisiae strain MWY4.4 (ser1 ura3 trp1 leu2 his4 ade3-65 Amtd1) harboring YEp-
rMTHFD2L and untransformed control cells were grown in selective medium, harvested, and lysed as described under “Experimental Procedures.” Lysates
were assayed for NAD - and NADP "-dependent CH,-THF dehydrogenase activity before (whole lysate) and after a 30,000 X g centrifugation (cleared lysate).
Enzyme activity is expressed as nmol product per gm of wet weight (nmol/gm wet wt) of cells. Each column represents the average = S.D. of duplicate de-
terminations. B, strain MWY4.5 (ser1 ura3 trp1 leu2 his4 ade3-30/65 Amtd1) was transformed to uracil prototrophy with either YEp-rMTHFD2L or empty plas-
mid (Yep24ES). Ura™ transformants were streaked onto yeast minimal plates containing serine (left) or serine + adenine (Ser + Ade, 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.

dependent activity was not detected above background, sug-
gesting that the rat MTHFD2L is specific for NADP™. The
recombinant enzyme appears to be partially membrane-asso-
ciated as ~70% of the activity pelleted in the particulate frac-
tion after a 30,000 X g centrifugation (Fig. 7A, compare whole
versus cleared lysate).

We next asked whether this recombinant MTHFD2L was
active in vivo by testing its ability to complement the adenine
requirement of yeast strain MWY4.5. Yeast produce 10-
formyl-THF for de novo purine biosynthesis from serine, us-
ing either the cytoplasmic or the mitochondrial 1-carbon
pathway (Fig. 1) (8). MWY4.5 lacks the 10-formyl-THF syn-
thetase activity of the cytoplasmic trifunctional C,-THF syn-
thase and lacks both cytoplasmic CH,-THF dehydrogenase
activities (45). Thus, both the cytoplasmic and the mitochon-
drial pathways to 10-formyl-THF are blocked in MWY4.5;
this strain thus requires adenine in the medium for growth
(45). If IMTHEFD2L is catalytically active in vivo and if at least
some of the overexpressed enzyme localizes to the cytoplasm,
it should rescue the adenine requirement of MWY4.5. Trans-
formants of MWY4.5 harboring either YEp-rMTHFD2L or
empty plasmid (Yep24ES) were streaked onto yeast minimal
plates containing serine as 1-carbon donor or serine + ade-
nine and incubated at 30 °C. As shown in Fig. 7B, rMTHFD2L
fully complemented the adenine requirement of MWY4.5,
indicating that this enzyme functions as a CH,-THF dehydro-
genase in vivo as well as in vitro.

Gene and mRNA Structure and Alternative Splicing—The
human MTHFD2L gene spans 145 kbp and consists of nine
exons interrupted by eight introns of length ranging from 590
to 56,030 bp (Fig. 84). The start codon is present in the first
exon, and the 5’ end of exon 1 extends at least 31 bp upstream
of the ATG start codon, based on NCBI EST database ex-
pressed sequence tags containing exon 1. The stop codon is
present in exon 9, which also encodes 1283 nucleotides of
3’-UTR, including several potential polyadenylation signals
(AATAAA). Exon 1 is very GC-rich (74% G+C), contributing
to the difficulty of obtaining full-length cDNAs. All of the in-
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tron-exon splice sites follow the GT/AG rule (53), except after
the terminal exon.

MTHFD2L transcripts were analyzed by RT-PCR on RNA
from human brain and placenta as described under “Experi-
mental Procedures.” These analyses revealed alternative splic-
ing of two exons in the human MTHFD2L gene. Doublets
were observed with primers that flanked exon 2 or exon 8 in
both brain and placenta RNA (Fig. 8, B and C). The band in-
tensity of the exon 8 doublet was always weak with placenta
RNA. Sequence analysis of the cloned PCR products con-
firmed that the larger product of each doublet included the
alternate exon (2 or 8), and the smaller product of each dou-
blet lacked the alternate exon. This alternative splicing thus
produces at least three classes of transcripts from the human
MTHFD2L gene (Fig. 84). In class I transcripts, the 34-bp
exon 2 is skipped, giving an mRNA that encodes the 347-
amino acid protein shown in the alignment in Fig. 2. In class
II transcripts, exon 2 is retained; translation of this mRNA
from the first AUG codon in exon 1 would produce an early
termination product of only 60 amino acids. However, trans-
lation of the class Il mRNA from an AUG codon in exon 3
would give a protein identical to the last 289 amino acids of
the class I protein. In class III transcripts, both exon 2 and
exon 8 are skipped. Based on sequenced RT-PCR clones and
expressed sequence tags in the NCBI EST databases, all three
transcript classes are expressed in both brain and placenta
from adult humans.

RT-PCR analysis of RNA isolated from adult rat tissues
revealed that the MTHFD2L gene is widely expressed (Fig. 9).
The 34-bp exon 2 is also found in the mouse and rat
MTHFD2L genes. Although the majority of mouse and rat
expressed sequence tags in the NCBI EST database lack exon
2, there are several that contain this exon. RT-PCR on rat
brain RNA using primers in exons 1 and 3 produced two
products, although the longer product (containing exon 2)
was the minor species (data not shown). RT-PCR using prim-
ers in exons 7 and 9 also produced two products with rat
RNAs, a 338-bp product containing exon 8 and a 212-bp
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FIGURE 8. Human MTHFD2L gene structure and alternative transcript splicing. A, gene structure, alternative splicing, and potential protein products.
The entire gene spans 145 kbp on chromosome 4 at 4q13.3. Exons are shown as numbered black bars; introns are shown as thin horizontal lines. Exons are
not drawn to scale. Three alternative splicing patterns due to skipping of exon 2 and/or 8 are observed in human brain and placenta (see under “Results” for
details). B, RT-PCR analysis of exon 2 splicing using primers binding in exons 1 and 3 (NNCRTfor1 and hNCrace2, respectively; Table 1). The expected sizes of
the two products are 335 bp (including exon 2) and 301 bp (excluding exon 2). —RT, minus reverse transcriptase control. C, RT-PCR analysis of exon 8 splic-
ing using primers binding in exons 1 and 9 (hJunc1to3f2 and hNCRTend1, respectively; Table 1). The expected sizes of the two products are 980 bp (includ-
ing exon 8) and 852 bp (excluding exon 8). DNA size markers are indicated.
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FIGURE 9. MTHFD2L expression in adult rat tissues. Total RNA isolated from the indicated adult rat tissues was analyzed by RT-PCR as described under
“Experimental Procedures” using primers binding in exons 7 and 9 (rD2Lexon7 and rD2Lexon9, respectively; Table 1). The expected sizes of the two prod-
ucts are 338 bp (including exon 8) and 212 bp (excluding exon 8). Lanes 1 and 9 contain DNA size markers (sizes indicated on left). Lanes 2- 8, reverse tran-
scriptase samples (+ RT); lanes 10-16, minus reverse transcriptase controls (— RT); lane 17, minus RNA control (— RNA; contained reverse transcriptase). The
image is overexposed to reveal the smaller band.

product lacking exon 8 (Fig. 9). Sequence analysis of the
212-bp product indicated precise splicing of exon 7 to exon 9
with the reading frame intact. In all tissues examined, the
exon 8 skipped transcript is the minor species.

DISCUSSION

The experiments described here confirm that adult mam-
mals express a CH,-THF dehydrogenase isozyme in mito-
chondria, encoded by the MTHFD2L gene. This isozyme fills
the gap in the adult mammalian mitochondrial 1-carbon
pathway left by the lack of CH,-THF dehydrogenase activity
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in the monofunctional MTHFDI1L isozyme (Fig. 1). The
MTHFD2L gene encodes a protein of about 340 amino acids
that is homologous to the mitochondrial bifunctional dehy-
drogenase/cyclohydrolase (MTHFD2 gene product) and the
N-terminal dehydrogenase/cyclohydrolase domains of cyto-
plasmic and mitochondrial C,-THF synthase (MTHFDI and
MTHFDIL gene products) (Fig. 2). The recombinant rat pro-
tein exhibits robust NADP " -dependent CH,-THF dehydro-
genase activity in vitro and can replace the yeast cytoplasmic
CH,-THF dehydrogenase activities in vivo (Fig. 7). 5,10-
Methenyl-THF cyclohydrolase assays were not performed.

“BSENE\
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The high backgrounds in the cyclohydrolase spectrophoto-
metric assay make it unreliable in crude extracts. Thus, we
will have to await purification of the enzyme to determine
whether it possesses cyclohydrolase activity. The MTHFD2L
proteins have a predicted N-terminal mitochondrial targeting
sequence, and when the full-length rat cDNA was expressed
in CHO cells, the targeting sequence directed the protein ex-
clusively to mitochondria (Fig. 3).

Evidence from both in vivo (9, 10, 45, 54) and in vitro (6, 7)
experiments supports a matrix localization for mitochondrial
1-carbon metabolism. Recently, we found that the MTHFD1L
protein is tightly associated with the inner mitochondrial
membrane, facing the matrix (37). The sublocalization experi-
ments described here indicated that MTHFD2L also behaves
as a peripheral membrane protein tightly associated with the
matrix side of the inner mitochondrial membrane (Figs. 4 -6).
Given the membrane association of MTHFD1L and
MTHED2L, it is likely that folate-dependent 1-carbon metab-
olism occurs at the inner mitochondrial membrane. Mito-
chondrial serine hydroxymethyltransferase, glycine cleavage
system, sarcosine dehydrogenase, and dimethylglycine dehy-
drogenase have all been reported to be associated with the
inner membrane in rat liver mitochondria (55-57). These
enzymes each produce CH,-THF from their respective sub-
strates, which can be oxidized by the CH,-THF dehydrogen-
ase activity of MTHFD2L. In addition, human mitochondrial
folylpolyglutamate synthetase, which adds glutamate residues
to the mitochondrial folate pool, has also been reported to be
tightly associated with the inner membrane (52). It was sug-
gested that the inner membrane localization of mitochondrial
folylpolyglutamate synthetase would enable efficient polyglu-
tamylation of folates by promoting substrate channeling be-
tween the inner membrane folate carrier and folylpolygluta-
mate synthetase. It is thus tempting to hypothesize the
existence of a large folate-dependent 1-carbon-metabolizing
complex at the inner mitochondrial membrane, perhaps in-
cluding membrane carriers for substrates (e.g. serine, glycine,
formate, folate) and/or components of the mitochondrial res-
piratory chain where the redox cofactors are reoxidized.

The MTHFD2L gene structure is conserved among human,
mouse, and rat, consisting of nine exons (Fig. 84). RT-PCR
analysis revealed three classes of MTHFD2L transcripts in
adult human brain and placental RNA, potentially encoding
three different protein products (Fig. 84). Although all three
transcript classes are approximately equally represented, at
least in human brain and placenta, we do not know whether
all three are translated into stable proteins in vivo. RT-PCR
analysis of rat RNAs also revealed evidence of alternative
splicing of both exon 2 and exon 8.

RT-PCR analysis of RNA isolated from adult rat tissues
revealed that the MTHFD2L gene is widely expressed, with
the highest signals observed in brain, heart, lung, spleen, and
testes and lower signals in liver and kidney (Fig. 9). We also
detected MTHFD2L expression in mouse embryos as early as
9.5 days after fertilization.* The MTHFD?2 gene, encoding a

4 ). Bryant, J. Lewandowski, and S. Vokes, unpublished data.
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mitochondrial NAD " -dependent CH,-THF dehydrogenase, is
also expressed early in mouse embryos, but its expression de-
creases as the embryos approach birth (31, 54). In adults,
MTHFD?2 expression is restricted to tissues that contain dif-
ferentiating cells such as bone marrow (26). Thus, after birth,
the NADP*-dependent MTHFD2L appears to be the only
mitochondrial CH,-THF dehydrogenase expressed in differ-
entiated tissues. Experiments to determine when the switch
between MTHFD2 and MTHED2L occurs, and why, are cur-
rently underway.
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