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Cytosolic 10-formyltetrahydrofolate dehydrogenase (FDH,
ALDH1L1) is an abundant enzyme of folate metabolism. It con-
verts 10-formyltetrahydrofolate to tetrahydrofolate and CO2 in
an NADP�-dependent reaction. We have identified a gene at
chromosome locus 12q24.11 of the human genome, the product
of which has 74% sequence similarity with cytosolic FDH. This
protein has an extra N-terminal sequence of 22 amino acid res-
idues, predicted to be a mitochondrial translocation signal.
Transfection of COS-7 or A549 cell lines with a construct in
which green fluorescent protein was introduced between the
leader sequence and the rest of the putativemitochondrial FDH
(mtFDH) has demonstrated mitochondrial localization of the
fusion protein, suggesting that the identified gene encodes a
mitochondrial enzyme. Purified pig liver mtFDH displayed
dehydrogenase/hydrolase activities similar to cytosolic FDH.
Real-time PCR performed on an array of human tissues has
shown that although cytosolic FDH mRNA is highest in liver,
kidney, and pancreas, mtFDH mRNA is most highly expressed
in pancreas, heart, and brain. In contrast to the cytosolic en-
zyme, which is not detectable in cancer cells, the presence of
mtFDHwas demonstrated in several human cancer cell lines by
conventional and real-time PCR and by Western blot. Analysis
of genomes of different species indicates that themitochondrial
enzyme is a later evolutionary product when compared with the
cytosolic enzyme. We propose that this novel mitochondrial
enzyme is a likely source of CO2 production from 10-formyltet-
rahydrofolate in mitochondria and plays an essential role in the
distribution of one-carbon groups between the cytosolic and
mitochondrial compartments of the cell.

Folate coenzymes function as one-carbon group carriers in
intracellularmetabolic pathways (1). Key biochemical reactions
that require these coenzymes include nucleotide biosynthesis
and the biosynthesis/degradation of several amino acids (1, 2).
In addition, folates participate in the conversion of formate to
CO2 and the formylation of methionine-tRNA (2), a process
thatmight be essential for initiation of translation in eukaryotic
mitochondria (3). Folate pathways are compartmentalized
within the cell; the glycine cleavage system, the conversion of

dimethylglycine to sarcosine and then to glycine, and the reac-
tion of methionyl-tRNA formylation reside in mitochondria,
whereas the biosynthesis of nucleotides, remethylation of homo-
cysteine to methionine, and degradation of histidine are local-
ized to cytosol (2, 4). Recent studies have implied that folate
metabolism compartmentalization also includes the nucleus,
which is a likely site for folate-dependent reactions related to
thymidilate biosynthesis (5–7). It has been proposed that mito-
chondrial one-carbon pathwaysmainly serve to provide carbon
groups, in the form of formate, for incorporation into the cyto-
solic folate pool, where they are utilized in a variety of biosyn-
thetic reactions (4, 8).
Several folate-dependent reactions take place in both cyto-

plasm and mitochondria (Fig. 1) and are catalyzed by homol-
ogous enzymes, which are products of distinct genes (4).
Mitochondrial serine hydroxymethyl transferase, the enzyme
catalyzing the reversible conversion of serine to glycine, is
structurally and functionally very similar to the cytosolic iso-
form (9, 10). In fact, it has been recently reported that the gene
for the mitochondrial enzyme can be alternatively transcribed
to produce a cytoplasm-localized enzyme, which can metabol-
ically compensate for the lack of the true cytosolic isoform (6).
In contrast, the enzymes in the pathways of 10-formyltetrahy-
drofolate (10-fTHF)2 metabolism demonstrate significant dif-
ferences in their properties between cytosolic and mitochon-
drial forms. In the cytoplasm, a single trifunctional enzyme,
C1-synthase (MTHFD1), catalyzes both the ATP-dependent
synthesis of 10-fTHF from tetrahydrofolate (THF) and formate
and the reversible two-step conversion of 5,10-methylene-THF
to 10-fTHF (11–13). These reactions reside in the synthetase
and the bifunctional dehydrogenase/cyclohydrolase domains,
correspondingly (14, 15). A similar enzyme in mitochondria,
MTHFD1L, lacks the dehydrogenase/cyclohydrolase activity
due to mutations in the bifunctional domain (16, 17). Further-
more, it rather catalyzes the reversal of the synthetase reaction,
thus producing formate (18). Another mitochondrial enzyme,
MTHFD2, is similar to the bifunctional domain of C1-synthase
and catalyzes the dehydrogenase/cyclohydrolase reactions (19).
An additional folate reaction, which occurs in both cytoplasm and
mitochondria, also involves 10-fTHF and is the NADP�-depen-
dent oxidation of the folate-bound formyl group to CO2 (8).
The cytosolic enzyme catalyzing this reaction, 10-formyltet-
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terized (reviewed in Ref. 20). It is a tetramer of four identical
902-amino acid residue subunits; each is a product of the nat-
ural fusion of three unrelated genes corresponding to three dis-
tinct functional domains (21). The N-terminal domain (resi-
dues 1–310) shares sequence homology and structural topology
with other enzymes utilizing 10-fTHF as a substrate (21, 22). It
carries the folate-binding site and functions as a 10-fTHF
hydrolase. The C-terminal domain (residues 400–902) origi-
nates from an aldehyde dehydrogenase-related gene (21) that
defines its classification as ALDH1L1. The two catalytic
domains are connected by an intermediate linker (residues
311–399), which is a structural and functional homolog of car-
rier proteins with a 4�-phosphopantetheine prosthetic group
(23). In the FDH mechanism, the intermediate linker domain
transfers the formyl group, covalently attached to the sulfhydryl
of the 4�-phosphopantetheine arm, from the N-terminal to the
C-terminal domain. Thus, the overall 10-fTHF dehydrogenase
reaction is a coupling of the 10-fTHF hydrolase and aldehyde
dehydrogenase steps (20).
FDH is an abundant protein; its levels reach about 1.2% of the

total protein in rat liver cytosol (24, 25), suggesting an impor-
tant role for the reaction converting folate-bound formate to
CO2. In general, this pathway clears one-carbon groups from
the folate pool and may be important to control their flux
toward folate-dependent biosynthetic reactions (26, 27). The

presence of similar activity in mammalian mitochondria sug-
gested the existence of a mitochondrial enzyme, functionally
similar to cytoplasmic FDH and responsible for the production
of CO2 from 10-fTHF (8). Such an enzyme, however, has not
been identified so far. Here we report the cloning of the human
ALDH1L2 gene, its mitochondrial targeting and localization,
and the comparison of its tissue distribution with cytosolic
FDH. We also demonstrate that the protein encoded by the
ALDH1L2 gene possesses 10-fTHF dehydrogenase/hydrolase
activities.

EXPERIMENTAL PROCEDURES

Cloning ALDH1L2—ALDH1L2 cDNA was amplified from
the MegaMan human transcriptome library (Stratagene) using
the FailSafe PCR system (Epicenter Biotechnologies) and the
primers shown in the supplemental table. Conditions for the
amplification were as follows: 33 cycles of 45 s at 95 °C (melt-
ing), 30 s at 58 °C (annealing), and 3 min at 72 °C (extension).
The amplified fragment of 2,716 bp, which corresponds to the
entire coding sequence including part of the putative mito-
chondrial leader, was cloned into a linearized pCR2.1 vector
using a TA cloning kit (Invitrogen). The rest of the sequence
corresponding to the putative mitochondrial translocation sig-
nal was reconstituted by site-directed mutagenesis. The frag-
ment encoding ALDH1L2 was subcloned into the pRSET-B
plasmid immediately downstream of the His tag (pRSET/
mtFDH expression vector) and into a pcDNA3.1 plasmid for
mammalian expression (pcDNA3.1/mtFDH vector). All con-
structswere confirmedbyDNAsequencing at theMedicalUni-
versity of South Carolina (MUSC) Nucleic Acid Analysis
Facility.
Cell Culture, Reagents, Transient Transfection, and Cell

Sorting—Cell media and reagents were from Invitrogen unless
otherwise indicated. Other chemicals were from Sigma. Cell
lines were obtained from the ATCC. Cells (2� 106) were trans-
fected with 2.0 �g of the corresponding vector using Amaxa
nucleofector protocols, which we optimized for each specific
cell line. As a control, transfection with a pcDNA3.1/GFP or
empty pcDNA3.1 vector was carried out. After transfection
with GFP�mtFDH fusion, cell sorting was performed to select
cells displaying green fluorescence. These experiments were
carried out at theMUSC FlowCytometry facility. The collected
cells were used for Western blot assays.
Western Blot—ALDH1L2 protein product was detected by

SDS-PAGE followed byWestern blot with a specific polyclonal
antibody. The antibody was generated against a 408-amino
acid-long N-terminal peptide (residues 23–429, mitochondrial
leader sequence was excluded) of ALDH1L2 protein usingHar-
lan Laboratories, Inc. (Indianapolis, IN) services. The truncated
mitochondrial FDH was expressed in Escherichia coli as a
fusionwithHis6 tag at theN terminus according to a procedure
we have used in our previous studies (28, 29). The expression
vector was generated from pRSET/mtFDH plasmid by deleting
themitochondrial leader sequence and introducing an in-frame
stop codon immediately downstream of the codon correspond-
ing to Asp-429. This has been done by site-directed mutagene-
sis using a QuikChange kit (Stratagene). The recombinant pro-
tein was purified on a metal affinity column and then on a

FIGURE 1. Compartmentalization of folate metabolism in mammalian
cells. Enzymes catalyzing conversion of folate coenzymes within the cyto-
plasmic and mitochondrial pools are: 1, cytosolic serine hydroxymethyltrans-
ferase; 2 and 2a, cytosolic trifunctional C1-synthase (MTHFD1); 3, methyl-
enetetrahydrofolate reductase; 4, methionine synthase; 5, thymidylate
synthase; 6, cytosolic FDH (ALDH1L1); 7 and 8, two enzymes of the de novo
purine biosynthesis, glycinamide ribonucleotide formyltransferase and
amidoimidazole carboxamide ribonucleotide formyltransferase; 9, mito-
chondrial serine hydroxymethyltransferase; 10, glycine cleavage system
(GCS); 11, mitochondrial bifunctional 5,10-methylenetetrahydrofolate
dehydrogenase-cyclohydrolase (MDHFR2); 12, mitochondrial C1-syn-
thase (MTHFD1L); 13, mitochondrial FDH (ALDH1L2); 14, methionyl-tRNA
formyltransferase. Reactions catalyzed by enzymes 1, 2, 2a, 9, 11, and 12
are reversible; the schematic shows the direction of the likely flow of the
one-carbon groups within the pools in mammalian cells.
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Sephacryl S300 column (100 � 1.5 cm) as described elsewhere
(28, 29). The sequence of the protein was confirmed by liquid
chromatography/tandem mass spectrometry analysis of pep-
tides after tryptic digestion at the MUSC Biomolecular Mass
Spectrometry facility.
Preparation of Mitochondria—Mitochondria were isolated

from cultured cells either using a mitochondria isolation kit
(Thermo Scientific) or by differential centrifugation. Briefly,
20–100� 106 cells were pelleted, washedwith phosphate-buff-
ered saline, and disrupted using Dounce homogenizer in 0.25 M

sucrose for 2 min on ice. Homogenates were spun down for 5
min at 700 � g to remove nuclei and cell debris. The superna-
tant was used to precipitate mitochondria by centrifugation for
20 min at 18,000 � g. Mitochondria from rat liver were
obtained from Dr. Peter Pediaditakis.
PCR—To produce cDNA, 1 �g of the total RNA was used in

a reverse-transcription reaction as described (30). The total
RNAwas isolated from2� 106 cells using anRNeasy protect kit
(Qiagen). Conventional PCRwas carried out for 35 cycles (each
cycle was run for 45 s at 95 °C, 45 s at 52 °C, and 60 s at 72 °C)
using 100 ng of the total cDNA, specific primers (sup-
plemental table), and a FailSafe PCR selection kit (Epicenter
Biotechnologies). The primers were designed to amplify an
855-bp fragment of mtFDH cDNA. In the control PCR experi-
ments, actin or glyceraldehyde-3-phosphate dehydrogenase
was used as internal standard. Real-time PCR was performed
using 100 ng of the total cDNA (generated as above), RT2Sybr-
Green/Rox qPCRmaster mix, and gene-specific real-time-PCR
primers (both from SABioscience) with ABI 7300 Real Time
PCR system as described by the manufacturer. Primers for the
assay (supplemental table) were designed to generate a specific
PCR product of 108 bp for FDH and 96 bp for mtFDH. For
experiments with the tissue library, 1 ng of cDNA was used in
the assays. All primer pairs have been tested for dimerization
and the amplification of only one product. The -fold change in
mRNA expression for each gene was calculated using 2���Ct

(31).
Confocal Microscopy—After transfection, cells were seeded

in 10-cm cell culture dishes (2 � 106 cells/well). Forty-eight
hours later, the plates were incubated with 50 nM MitoTracker
(Molecular Bioprobes) for 15min at 37 °C.Green (GFP) and red
(mitochondria) fluorescence were visualized using a Leica TCS
SP2 AOBS scanning Confocal microscope.
Purification of Mitochondrial FDH from Pig Liver—Livers

were obtained from freshly slaughtered pigs from the local
abattoir. Mitochondria were purified from 500 g of chopped
liver homogenized in cold buffer containing 0.25 M sucrose, 2
mM HEPES, pH 7.4, 5 mM EDTA, and 1 mM phenylmethylsul-
fonyl fluoride using a powered Dounce homogenizer. Mito-
chondria were separated from red blood cells, unbroken cells,
and cytosolic fraction using differential centrifugation as
described elsewhere (32). Themitochondrial pellet was washed
successively (20 ml � six times) with 2 mM HEPES buffer, pH
7.4, containing 0.25 M sucrose and 5 mM EDTA. Washed pellet
was subjected to several freeze-thaw cycles at �80 and 25 °C,
correspondingly. Mitochondria were then resuspended in the
above buffer, sonicated, and subjected to centrifugation
(9,000 � g, 15 min) to separate soluble (supernatant) and insol-

uble (pellet) fractions. The protein preparation extracted by
freeze-thaw cycles was then loaded on a 5-formyl-THF-Sepha-
rose affinity column (1.5 � 10 cm of packed resin) (24, 33). The
columnwaswashedwith the loading buffer, 1.0 MKCl and 2.0 M

KCl (50ml of each), and boundproteinswere elutedwith 20mM

folic acid (25 ml). All steps were performed at a flow rate of 25
ml/h. Folic acid eluate was further subjected to size-exclusion
chromatography on Sephacryl S300 (1.5 � 100 cm column) as
we have previously described (34, 35).
Assay of EnzymeActivity—The hydrolase and 10-fTHF dehy-

drogenase activities of FDH were evaluated spectrophoto-
metrically as described previously (36). Briefly, the hydrolase
and 10-fTHF dehydrogenase activities were measured using
10-formyldideazafolate as a substrate, with the assays for dehy-
drogenase activity containing 100 �M NADP�. The monitored
increase in absorbance at 295 nm (the characteristic spectrum
maximum for the reaction product, dideazafolate) was used to
calculate the hydrolase activity. The specific activity for the
dehydrogenase reaction was measured by monitoring the
increase in absorbance at 340 nm (the characteristic spectrum
of produced NADPH). All assays were carried out at 30 °C in a
1-cm quartz cuvette using a Shimadzu 2401PC double-beam
spectrophotometer. 10-Formyldideazafolate was obtained from
Dr. John Hynes.

RESULTS

Identification of the Mitochondrial FDH Gene and Compari-
son of Its Sequence with That of Cytosolic FDH—Biochemical
evidence strongly suggested that an enzyme similar to cytosolic
FDH is present in mammalian mitochondria (8, 37). Attempts
to purify this enzyme from rat liver mitochondria using canon-
ical protein purification techniques were previously unsuccess-
ful.3 Since that time, annotation of the human genome (38, 39)
has armed researchers with a powerful tool for exploring
unknown proteins. In our studies concerning the origin of the
functional domains of cytosolic FDH, we performed a homol-
ogy search for rat FDH using National Center for Biotechnol-
ogy Information (NCBI) BLAST (40). Predictably, this search
produced human FDH as a target 92% identical to rat enzyme,
with the corresponding gene located at chromosome locus
3q21.3. Unexpectedly, this search resulted in another hit, an
unknownproteinwith about 72% sequence identity to cytosolic
FDH (Fig. 2). The corresponding gene is located at chromo-
some locus 12q24.11 of the human genome, spans 60 kb, and is
composed of 23 exons interrupted by 22 introns that range
from 83 to 10,383 bases in length. The encoded protein is 923
amino acid residues in length and has a putative sequence
arrangement similar to that of cytosolic FDH, with the three
distinct domains easily recognizable (Fig. 2). However, when
compared with cytosolic FDH, this putative protein has an
additional 22 amino acid residues at the N-terminal end. The
N-terminal leader sequence (residue 1–22) lacks negatively
charged amino acids and is enriched with positively charged
residues (five arginines and two lysines) (Fig. 3), a characteristic
of a mitochondria-targeting peptide (41). The predicted cleav-
age site to remove the mitochondrial leader is located 19 resi-

3 C. Wagner and R. J. Cook, personal communication.
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dues downstream of the starting methionine. Analysis of the N
terminus of the putative FDH using TargetP (42) or MitoProt
(43), network-based tools for prediction of peptide subcellu-
lar localization, confirmed that this protein is likely to reside
in mitochondria (0.94 probability). Based upon this analysis,
we suggested that this gene encodes for a mitochondrial
FDH. It was later assigned the name ALDH1L2.
Translocation of mtFDH into Mitochondria of Mammalian

Cells—To prove that the identified protein is a mitochondrial
enzyme, we have generated a construct to express a fusion of
mtFDHwith green fluorescent protein (GFP). In this construct,
GFP has been incorporated between the mitochondrial leader
sequence and the N-terminal domain of mtFDH (Fig. 3A). In
another experiment, we monitored the subcellular localization
of GFP tagged at the N terminus with the mtFDH leader
(Fig. 3A). We have observed that GFP tagged with the leader
was translocated into mitochondria of transiently transfected
COS-7 cells (Fig. 3B). Similar results have been observed in
COS-7 cells transfected for expression of the fusion ofGFPwith
mtFDH (Fig. 3C). The mitochondrial localization of the con-
struct was evident as early as 24 h after transfection (data not
shown), and stronger accumulation was seen 48 h after trans-
fection (Fig. 3C). These experiments have been reproduced in
another cell line, A549, a humannon-small cell lung carcinoma.
In these experiments, co-localization of the GFP construct and
mitochondria-specific dye MitoTracker was also clearly seen
(Fig. 3C). Some residual background green fluorescence in
COS-7 cells could be attributed to the fact that these cells are
strong overproducers of recombinant proteins, and perhaps
not all fusion translocated tomitochondria in our experiments.

Immunoblot assays with GFP-spe-
cific or mtFDH-specific antibody
have demonstrated the presence of
a 130-kDa band in mitochondria,
purified from the transfected
COS-7 cells, which corresponds to
the molecular mass of the full-
length fusion protein. The same
experiments performed with non-
modified mtFDH (no GFP tag) have
demonstrated the accumulation of
the full-length enzyme in mito-
chondria. These results indicate the
translocation to mitochondria of
the full-length mtFDH without its
truncation.
Presence of mtFDH in Cell Lines

and Human Tissues—To study the
abundance ofmtFDH, we have eval-
uated its mRNA levels in an array of
human tissues using real-time PCR.
Similar to the cytosolic enzyme, the
expression of mtFDH is tissue-spe-
cific (Fig. 4). Overall, the levels of
mRNA for the cytosolic enzyme are
higher than the levels of mtFDH
mRNA in all evaluated tissues (Fig.
4). Of note, tissues with low levels of

cytosolic FDHmRNAalso displayed low levels ofmRNA for the
mitochondrial enzyme. However, mtFDH mRNA levels were
notably lower than those of cytosolic FDH in liver and kid-
ney, the two major organs of the folate metabolism (44). In
contrast to the cytosolic enzyme, which is typically not
detectable in cancer tissues and cell lines, mtFDH mRNA
and protein are clearly present in cancer cell lines (Fig. 4).
These findings imply a different regulation of the two
enzymes as well as potentially different functional roles in
the cell.
Enzymatic Activity ofMitochondrial FDH fromPig Liver—To

characterize native mitochondrial FDH, we have purified the
enzyme from pig liver. We chose this source because these
experiments typically require a large volume of mitochon-
dria. High levels of cytosolic FDH in liver (24, 25) are a
potential source of contamination during mtFDH purifica-
tion. Therefore, the purified mitochondria were washed
multiple times to remove all traces of cytosolic FDH (Fig. 5A,
top panel). MtFDH was extracted from mitochondria by a
series of freeze-thaw cycles (Fig. 5A,middle panel) and puri-
fied in two steps using a folate affinity column followed by
size-exclusion chromatography (Fig. 5, A, bottom panel, and
B). Mass spectrometry analysis of tryptic peptides of the
purified protein has confirmed that it is the product of the
ALDH1L2 gene. Enzyme assays of the preparation revealed
the presence of both dehydrogenase and hydrolase catalytic
activities (Fig. 5C, specific activity was 51.6 and 52.9 nmol/
min/mg of protein for the dehydrogenase and hydrolase
reactions, correspondingly). Although it is hard to make a
direct comparison between the activities of the cytosolic and

FIGURE 3. ALDH1L2 N-terminal leader targets proteins to mitochondria. A, schematic presentation of
the domain structure of ALDH1L2 and its fusion with GFP. The sequence of the putative mitochondrial
localization sequence (MLS) and the cleavage site are shown. Blue, MLS; red, N-terminal hydrolase domain;
gray, intermediate acyl carrier protein-like domain; cyan, C-terminal aldehyde dehydrogenase domain;
green, GFP. B, fluorescence confocal microscopy of COS-7 cells transfected with MLS-GFP construct.
C, fluorescence confocal microscopy of COS-7 (top panel) and A549 (bottom panel) cells transfected with
GFP�mtFDH construct. D, immunoblot assays of the mitochondrial fraction of COS-7 cells transfected with
mtFDH or its GFP fusion construct. St., purified recombinant mtFDH; C, control (non-transfected cells). GFP
ab, GFP antibody.
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mitochondrial enzymes without thorough characterization,
these experiments clearly demonstrated that ALDH1L2 en-
codes for mitochondrial FDH possessing both characteristic
activities.

DISCUSSION

The compartmentalization of folate metabolism (Fig. 1) has
resulted in the duplication of several folate enzymes as cytosolic
and mitochondrial proteins (2, 4, 45). One of the folate
enzymes, FDH, converts 10-fTHF to THF in an NADP�-de-
pendent dehydrogenase reaction in which the formyl group is
oxidized to CO2 (20). This oxidative reaction is an active pro-

cess in the liver of animals and in
humans (46–48). The enzyme itself
is extremely abundant in several tis-
sues (26) with its levels reaching up
to 1.2% of the total cytosolic protein
in rat liver (25). Because the genera-
tion of CO2 from 10-fTHF was also
observed in mitochondrial frac-
tions, it was thought that a mito-
chondrial enzyme homologous to
cytosolic FDH is present in the cell
(8, 37). However, although cytosolic
FDH is a well characterized enzyme
(20), the enzyme responsible for the
corresponding mitochondrial path-
way has not been demonstrated. In
the present study, we have cloned
cDNA of the ALDH1L2 gene and
provide evidence that it is the mito-
chondrial FDH.
The product of the ALDH1L2

gene has significant sequence sim-
ilarity to cytosolic FDH. Of note,
this similarity is higher for the cat-
alytic N- and C-terminal domains
(71 and 79%, correspondingly)
than for the intermediate linker
domain (55%). We have previously
identified several amino acid resi-
dues in cytosolic FDH, which are
crucial for the catalytic activity of
the enzyme; replacement any of
these residues completely abol-
ished the 10-fTHF dehydrogenase
activity. These residues are present
in mtFDH as well, and they include
His-130, Asp-165, Ser-370, and Cys-
730 (corresponding to His-106, Asp-
142, Ser-354, andCys-707 of cytFDH,
Fig. 2) (28, 29, 49–51). This suggests a
similar catalytic mechanism for cyto-
solic andmitochondrial enzymes and
implies a similar metabolic role.
Indeed, in our experiments, both
characteristic activities of cytosolic
FDHwere found inmtFDH purified

from pig liver.
The reaction catalyzed by FDH irreversibly removes carbon

groups from the folate pool, and as such, competes with folate-
dependent biosynthetic pathways. In the cell, this pathway
might fulfill several metabolic functions including: clearance of
excess of folate-bound one-carbon groups (52); degradation of
formate (46); regulation of de novo purine biosynthesis (26, 53);
and the overall control of carbon group flow within the folate
pool (27). These functions, however, were demonstrated for the
cytosolic enzyme, but the role ofmtFDH is not so clear. It could
be suggested that the function of the mitochondrial and cyto-
solic enzymes is redundant toward the control of one-carbon

FIGURE 4. The abundance of ALDH1L2 in cell lines and tissues. A, levels of mtFDH (ALDH1L2) mRNA in cell
lines determined by reverse transcription-PCR (top panel) and real-time PCR (bottom panel). Glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is shown as a control for sample normalization in top panel. Levels of
cytFDH (ALDH1L1) are shown in the bottom panel for the comparison. St., purified recombinant mtFDH.
B, levels of mtFDH proteins assessed by Western blot. Top panel, levels of mtFDH in subcellular fractions of A549
and HepG2 cells (N, M, and C indicate nuclear, mitochondrial, and cytosolic fractions, correspondingly); middle
panel, levels of the enzyme in digitonin extracted mitochondria (S, digitonin-solubilized fraction; P, digitonin
insoluble pellet); bottom panel, levels of mtFDH in purified rat mitochondria (different relative amounts of
sample were loaded to SDS-PAGE). Complex V (� subunit of F1 complex of ATP synthase) is shown as a loading
control. C, levels of mitochondrial and cytosolic FDH in human tissues (real-time PCR). Sk. muscles, skeletal
muscles; Sm. intestine, small intestine.
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flux through the folate pool. Of note, in contrast to cytosolic
FDH, mtFDH is present at detectable levels in several cancer
cell lines, indicating different mechanisms of regulation of
these enzymes. If, in contrast to cytosolic FDH, mtFDH is con-
stitutively expressed, it might compensate for the lack of the
cytosolic enzyme at certain conditions, thus still enabling the
reaction.
In contrast to cytosolic FDH, mtFDH might play an addi-

tional functional role, which is the generation of formate,
instead of carbon dioxide, from 10-fTHF. If this reaction takes
place in vivo, it would be a part of the pathway for shuttling
one-carbon groups, generated during glycine degradation or
conversion of serine to glycine, from mitochondria to cyto-
plasm (4). Indeed, similar to cytosolic FDH (36), the mitochon-
drial enzyme possesses hydrolase activity in vitro. In both cases,
this reaction requires millimolar concentrations of 2-mercap-
toethanol, a compound not found in living cells. Mammalian
cells, however, have high levels of glutathione, concentrations
of which could reach 10–14 mM in liver mitochondria (54).

Thus, the role of mtFDH in generating formate cannot be
excluded at this time, and this avenue requires additional stud-
ies at the cellular or tissue level. Of note, the generation of
formate from 10-fTHF has been demonstrated for mitochon-
drial C1-synthase (18), which would make such a function for
mtFDH a redundant pathway.
Analysis of genomes of different species (Table 1) indicates

that both cytosolic and mitochondrial enzymes are rather late
evolutionary products; they are not present in bacteria, fungi, or
plants. Cytosolic FDH is seen earlier than mtFDH on the phy-
logenetic tree; invertebrates, Drosophila, and Caenorhabditis
elegans, as well as zebrafish, possess the gene for ALDH1L1 but
not for the mitochondrial isoform. This might indicate that
ALDH1L2 descended fromALDH1L1, although a different ori-
gin forALDH1L2 cannot be excluded. In zebrafish, two distinct
genes on chromosomes 13 and 4 encode proteins with high
similarity to the N-terminal and intermediate/C-terminal
domains of mitochondrial FDH, correspondingly (GeneID:
100151288 and 572151). Both gene products have putative
mitochondrial leader sequences and are predicted to reside in
mitochondria, and the combination of their sequences corre-
sponds to full-length mtFDH. The role of these genes is not
known, but it is likely that they are the ancestors of mitochon-
drial FDH. Although the presence of two FDHs, cytosolic and
mitochondrial, is perhaps evolutionarily beneficial, the func-
tion of the two forms could be just redundant. Indeed, mice
lacking the cytosolic enzyme are viable (47). In further support
of this possibility, birds appear to carry ALDH1L2 but not
ALDH1L1 (Table 1).
The FDH reaction represents the final step in the course of

the carbon atomoxidation, from the level of formate to the level
of CO2, and is coupled to the reduction of NADP� to NADPH.
Upon this reaction, one-carbon groups leave the folate pool
that diverts the folate pathway from anabolic branch to the
energy production. Interestingly, in uncoupled mitochondria,
carbon-3 of serine is converted to CO2, whereas in actively
respiring mitochondria (state 3), it goes to formate (37), the
observation supporting the importance of the energy-generat-
ing role for mtFDH at some conditions. This is in agreement
with the notion that in mitochondria, one-carbon flux goes in
the oxidative direction, thus generating 10-fTHF from 5,10-
methylene-THF (4, 45). Of note, in mitochondria, FDH would
compete with MTHFD1L for the same substrate because
MTHFD1L catalyzes the reversal of the synthetase reaction of

FIGURE 5. Purification of pig liver mitochondrial FDH and assays of its
catalytic activities. A, top panel, Western blot of cytosolic FDH in mitochon-
drial preparation after successive washing (figures indicate the number of
washings, see details under “Experimental Procedures”). Middle panel, West-
ern blot showing release of mtFDH from mitochondria upon successive
freeze-thaw cycles (lanes 1–3) and remaining mtFDH in the soluble (S) and
insoluble (I) mitochondrial fractions. Bottom panel, purification of mtFDH by
affinity chromatography. Lane 1, initial preparation of mtFDH extracted from
mitochondria and loaded to the column; lane 2, flow-through material; lanes
3– 6, eluates after washing the column with buffer, 1.0 M KCl, 2.0 M KCl, and 20
mM folic acid, correspondingly. B, purified preparation of mtFDH (Coomassie
Blue staining) after affinity chromatography (lane 1) followed by chromatog-
raphy on Sephacryl S300 (lane 2). C, time course of the hydrolase (295 nm) and
dehydrogenase (340 nm) activities of purified mtFDH. Polyclonal antibodies
generated against rat cytosolic FDH or human mitochondrial FDH were used
in Western blot assays to detect the cytosolic or mitochondrial pig enzymes,
correspondingly.

TABLE 1
Sequence similarity between ALDH1L1 and ALDH1L2 proteins

Species
ALDH1L1
(relative to
human)

ALDH1L2
(relative to
human)

ALDH1L1/1L2
(within species)

% % %
Human 100 100 74
Mouse 92 92 75
Chicken Not found 83
Zebrafish 76 79/78a 76/76a
D. melanogaster 58 Not found
C. elegans 59 Not found

a Zebrafish has two putative mitochondrial genes, which would constitute full-
length mtFDH (ALDH1L2); the similarity between the product of each of these
genes and the corresponding sequence of human mtFDH or zebrafish cytosolic
FDH is shown.
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cytosolicMTHFD1 (18), which is not the case in the cytoplasm.
What direction the pathway goes, to formate or CO2, would
depend on the relative levels of the enzymes and their regula-
tion and perhaps is tissue-specific. Further studies are required
to differentiate between the role of cytosolic andmitochondrial
FDH in the cell.
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