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a b s t r a c t

10-Formyltetrahydrofolate dehydrogenase (FDH, ALDH1L1), an abundant cytosolic enzyme of folate
metabolism, shares significant sequence similarity with enzymes of the aldehyde dehydrogenase (ALDH)
family. The enzyme converts 10-formyltetrahydrofolate (10-fTHF) to tetrahydrofolate and CO2 in an
NADP+-dependent manner. The mechanism of this reaction includes three consecutive steps with the
final occurring in an ALDH-homologous domain. We have recently identified a mitochondrial isoform
of FDH (mtFDH), which is the product of a separate gene, ALDH1L2. Its overall identity to cytosolic FDH
is about 74%, and the identity between the ALDH domains rises up to 79%. In the present study, human
mtFDH was expressed in Escherichia coli, purified to homogeneity, and characterized. While the recom-
binant enzyme was capable of catalyzing the 10-fTHF hydrolase reaction, it did not produce detectable
levels of ALDH activity. Despite the lack of typical ALDH catalysis, mtFDH was able to perform the char-
acteristic 10-fTHF dehydrogenase reaction after reactivation by recombinant 4′-phosphopantetheinyl

transferase (PPT) in the presence of coenzyme A. Using site-directed mutagenesis, it was determined
that PPT modifies mtFDH specifically at Ser375. The C-terminal domain of mtFDH (residues 413–923)
was also expressed in E. coli and characterized. This domain was found to exist as a tetramer and to cat-
alyze an esterase reaction that is typical of other ALDH enzymes. Taken together, our studies suggest that
ALDH1L2 has enzymatic properties similar to its cytosolic counterpart, although the inability to catalyze
the ALDH reaction with short-chain aldehyde substrates remains an unresolved issue at present.
. Introduction

Folic acid, also known as vitamin B9, is a major coenzyme
n biosynthetic reactions involving the transfer of single-carbon
roups [1]. Higher animals are unable to synthesize this compound
nd, therefore, must obtain it from their diet [2]. Of note, folate defi-
iency increases the risk of neural tube defects. In 1996, in order
o reduce this risk, the United States Food and Drug Administra-
ion mandated the fortification of grain products with folic acid.

ince that time, a dramatic decrease in the incidence of neural
ube defects (e.g. spina bifida) has been observed [3], but the far-
eaching health effects of widespread folic acid supplementation

Abbreviations: ALDH, aldehyde dehydrogenase; CoA, coenzyme A;
DH, 10-formyltetrahydrofolate dehydrogenase; mtFDH, mitochondrial 10-
ormyltetrahydrofolate dehydrogenase; 10-fTHF, 10-formyltetrahydrofolate;
-NPA, para-nitrophenylacetate; 4-PP, 4′-phosphopantetheine; PPT, 4′-
hosphopantetheinyl transferase; THF, tetrahydrofolate.
∗ Corresponding author. Tel.: +1 843 792 0845.

E-mail address: krupenko@musc.edu (S.A. Krupenko).

009-2797/$ – see front matter © 2011 Elsevier Ireland Ltd. All rights reserved.
oi:10.1016/j.cbi.2011.01.008
© 2011 Elsevier Ireland Ltd. All rights reserved.

are yet unclear [4]. In the cell, folic acid must be converted to its
active form, tetrahydrofolate (THF), by the action of dihydrofolate
reductase. THF is then derivatized by the addition of different one-
carbon units. These derivatives are distinguished by the oxidation
state of the carbon attached to the N5 and/or N10 atoms of THF. The
various THF compounds are used in nucleotide biosynthesis, the
methylation of homocysteine to regenerate methionine, amino acid
conversions involving serine, glycine, and histidine, and the formy-
lation of mitochondrial methionyl-tRNA [1]. In addition, the various
forms of folate can be interconverted by the action of specialized
enzymes.

Compartmentation is a basic property of eukaryotic cells, and
folate metabolism has evolved to become functionally integrated
into certain cellular compartments. The cytosol and mitochondria
(and perhaps the nucleus) contain discrete pools of folate enzymes
and THF-derivatives [5]. Current knowledge suggests that there
is no free exchange of folates between the cytoplasm and mito-

chondria, but these compartments are connected metabolically
via the transport of one-carbon donors (such as serine, glycine,
and formate) which facilitate the generation of the THF deriva-
tives required for biosynthetic reactions [6]. Several folate reactions

dx.doi.org/10.1016/j.cbi.2011.01.008
http://www.sciencedirect.com/science/journal/00092797
http://www.elsevier.com/locate/chembioint
mailto:krupenko@musc.edu
dx.doi.org/10.1016/j.cbi.2011.01.008
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Table 1
Site-directed mutagenesis primers.

Construct Primer sequences

Ct-FDH Forward: 5′-
CATCATCATCATGGTATGGGGGACGATGAGGAGGGC-3′

Reverse: 5′-
GCCCTCCTCATCGTCCCCCATACCATGATGATGATG-3′

Ct-mtFDH Forward: 5′-CATCATAAGCTGCTGAGGAAACTGAG-3′

Reverse: 5′-CACAGTTTCCTCAGCAGCTTATGATG-3′

NI-mtFDH Forward: 5′-GGTTGTAGATTAAATTTCAAAGG-3′

Reverse: 5′-CCTTTGAAATTTAATCTACAACC-3′

S374A Forward: 5′-CTGGAGCAGCCTCAATGGATGTTG-3′

Reverse: 5′-CAACATCCATTGAGGCTGCTCCAG-3′

S375A Forward: 5′-CTGGAGCAAGCGCAATGGATGTTG-3′

Reverse: 5′-CAACATCCATTGCGCTTGCTCCAG-3′
30 K.C. Strickland et al. / Chemico-Bio

nd their corresponding enzymes are present in both cytosolic and
itochondrial compartments.
10-Formyltetrahydrofolate dehydrogenase (ALDH1L1, FDH) is

n abundant cytosolic folate enzyme in the liver and kidney: it
as been reported to constitute approximately 1.2% of the total
ytosolic protein in rat liver [7]. While other enzymes utilize 10-
ormyltetrahydrofolate (10-fTHF) in biosynthetic processes, FDH
s unique in being a catabolic enzyme, catalyzing the NADP+-
ependent degradation of 10-fTHF to THF and CO2 [8]. Because
0-fTHF is a substrate in two steps of de novo purine biosynthe-
is, it has been proposed that FDH inhibits cellular proliferation
y regulating intracellular purine levels [9]. Since THF and its
erivatives, including 10-fTHF, can be interconverted, it is possible
hat FDH broadly functions to regulate folate-mediated one-carbon

etabolism. In line with this hypothesis, it has been shown that
ctopic expression of FDH results in depletion of both cellular 5-
ethyltetrahydrofolate and S-adenosylmethionine levels [10].
FDH exists as a tetramer of identical 100 kDa subunits. Each

ubunit is 902 amino acid residues in length and can be divided
nto three distinct domains. An N-terminal 10-fTHF hydrolase
omain (residues 1–310) contains the folate binding site and is
omologous to glycinamide ribonucleotide formyltransferase and
ethionyl-tRNA formyltransferase, enzymes that utilize 10-fTHF

s a substrate. This domain is capable of hydrolyzing 10-fTHF to
HF and formate [11]. FDH also possesses a C-terminal domain
residues 397–902) that is homologous to aldehyde dehydroge-
ases (ALDHs) [8]. When expressed as an independent protein,
his domain is capable of oxidizing short-chain aldehydes to
heir corresponding carboxylic acids in an NADP+-dependent man-
er [12]. The intermediate domain of FDH (residues 311–396)

s structurally and functionally homologous to acyl carrier pro-
eins [13]. This domain contains the site of attachment (Ser354)
or a 4′-phosphopantetheine (4-PP) prosthetic group, and this
ost-translational modification is necessary for the 10-fTHF dehy-
rogenase activity of the enzyme [13]. This moiety is attached
o FDH by a broad-specificity 4′-phosphopantetheinyl transferase
PPT), an enzyme that uses coenzyme A (CoA) as the 4-PP donor

olecule [14]. In the proposed catalytic mechanism of FDH, the 4-
P group acts as a swinging arm to carry the formyl group from the
-terminal hydrolase domain to the C-terminal ALDH-like domain
here it is oxidized to CO2.

A mitochondrial isoform of FDH (ALDH1L2, mtFDH) has recently
een identified [15]. This enzyme has 74% sequence identity to

ts cytosolic counterpart and is distinguished by the presence of
n N-terminal mitochondrial targeting sequence of 22 amino acid
esidues. The mitochondrial enzyme, purified from pig liver, is
apable of catalyzing the characteristic 10-fTHF hydrolase and
ehydrogenase reactions [15]. In the current study, the cloning,
scherichia coli expression, and purification of recombinant mtFDH
re described, and the characterization of the catalytic activities of
he enzyme, as well as its pathway of post-translational modifica-
ion, are reported.

. Materials and methods

.1. Cloning, expression, and purification of ALDH1L1 and
LDH1L2

Cloning, E. coli expression, and purification of human ALDH1L1
as carried out as previously described [14]. Briefly, an
LDH1L1/pRSET construct was transformed into a BL21-(DE3)-

odon plus strain of E. coli (Invitrogen). Cells were grown at
7 ◦C to A600 = 0.6, and expression was induced by the addition
f 1 mM isopropyl 1-thio-�-d-galactopyranoside (Sigma). After
nduction, the culture was grown at 20 ◦C for 4 h with constant
S374/375A Forward: 5′-CTGGAGCAGCCGCAATGGATGTTG-3′

Reverse: 5′-CAACATCCATTGCGGCTGCTCCAG-3′

shaking. The protein was purified from lysed cells using a 5-
formyltetrahydrofolate affinity column followed by size exclusion
chromatography. The vector for the bacterial expression of human
mtFDH (ALDH1L2/pRSET) has already been reported [15]. Expres-
sion and purification of mtFDH was performed as described above
for ALDH1L1.

2.2. CD-spectroscopy

Far-UV CD spectra (200–260 nm) were obtained at a resolution
of 0.2 nm with a bandwidth of 2 nm using a Model 400 Circular
Dichroism Spectrophotometer (AVIV Biomedical, Inc., Lakewood,
NJ) at the Protein Production Core, MUSC Structural Biology Center.
For each sample, three spectra were collected at 25 ◦C and averaged.
The protein concentration was 0.5 mg/ml in these experiments.
The protein spectra were corrected by subtracting the averaged
spectrum of the buffer solution and presented in units of molar
ellipticity. The spectra were analyzed by CD Spectra Deconvolution
software, version 2.1 (©1997 by Gerald Böhm).

2.3. Site-directed mutagenesis

Site-directed mutagenesis was accomplished using a
QuikChange kit (Stratagene). The mutagenic primers used in
the generation of each construct are listed in Table 1. To gen-
erate the recombinant C-terminal domain of ALDH1L1 (Ct-FDH,
encompassing residues 397–902), site-directed mutagenesis
was performed using ALDH1L1/pRSET as the plasmid template.
The expression vector for C-terminal ALDH1L2 (Ct-mtFDH) was
generated using site-directed mutagenesis of the ALDH1L2/pRSET
plasmid. Another mutant enzyme, encompassing the N-terminal
and intermediate domains of mtFDH (NI-mtFDH, residues 22–429),
was also produced in this manner. For each truncated construct,
expression was accomplished as in Section 2.1, and the protein
was purified from lysed cells using a PrepEase His-Tagged Protein
Purification Kit (USB).

Two mutant constructs, Ser374Ala (S374A) and Ser375Ala
(S375A), were produced using the ALDH1L2/pRSET vector as a
template. A Ser374Ala/Ser375Ala double mutant (S374/375A) was
generated from the S374A vector. For each of these mutants,
expression and purification was completed as for the full-length
ALDH1L1 and ALDH1L2 proteins as detailed in Section 2.1. The
coding regions of all plasmid constructs were confirmed by DNA
sequencing at the MUSC Nucleic Acid Analysis Facility.
2.4. Assays of enzymatic activity

All enzyme assays were conducted at 30 ◦C in a 1-cm
quartz cuvette using a Shimadzu 2401PC double-beam spec-
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Fig. 1. Expression and purification of ALDH1L2 constructs. (A) Schematic depict-
ing the construct design for full-length mtFDH, C-terminal mtFDH (Ct-mtFDH) and
K.C. Strickland et al. / Chemico-Bio

rophotometer. Measurements of 10-fTHF hydrolase, 10-fTHF
ehydrogenase, and ALDH activities were taken according to pre-
iously published procedures [12,16,17]. Esterase activity was
ssayed according to the method of Takahashi and Weiner
18]. The substrate, para-nitrophenylacetate (p-NPA), was dis-
olved in acetone to prevent spontaneous hydrolysis. The
nzyme was added to a mixture containing 100 mM sodium
yrophosphate, pH 7.7, and variable amounts of substrate.
bsorbance was monitored at 400 nm, and activity was calcu-

ated using a molar extinction coefficient of 16 × 103 M−1 cm−1

19].

.5. Activation of mtFDH by PPT

Recombinant PPT was expressed in E. coli and purified using
etal affinity chromatography as we have previously described

14]. Two micrograms of the purified enzyme was incubated with
0 �g of E. coli-produced mtFDH in a 200 �l reaction containing
mM CoA and 0.5 mM MgCl2. The mixture was incubated for 10 min
t room temperature and then immediately used in the 10-fTHF
ehydrogenase activity assay (Section 2.4).

.6. Fluorescent labeling of mtFDH by PPT and cell lysate

The fluorescent reporter, a fluorescein maleimide derivative of
oenzyme A, was synthesized as previously described [13,20]. The
eporter (10 �l of a 2 mM solution) was added to 12 �g of purified
LDH1L2 or its mutant constructs along with 6 �g of recombinant
PT (or H2O, as a control) in a solution containing 50 mM MgCl2 and
00 mM Tris–HCl, pH 7.5. This mixture was incubated at room tem-
erature for 20 min, after which time EDTA was added to quench
he reaction, the sample was immediately subjected to SDS-PAGE,
nd the gel was imaged under UV light followed by staining with
oomassie Blue.

Lysates from siRNA-treated A549 cells were obtained as we
ave previously reported [14]. The levels of PPT and actin in
xperimental and control lysates were assessed by Western blot
sing a specific polyclonal antibody. After knockdown of PPT
as confirmed, the lysates were normalized for protein con-

ent, and equal volumes of lysates were added to 20 �g of
I-mtFDH in the presence of fluorescent reporter and MgCl2. Sam-
les were then incubated, subjected to SDS-PAGE, and imaged as
bove.

.7. Homology modeling

Homology models of the C-terminal domain of human mtFDH
nd zebrafish cytosolic FDH (zFDH) were generated with the
WISS-MODEL server using the crystal structure of the apo form
f rat cytosolic Ct-FDH (PDB ID 2O2P) as the template [21].
o verify the reliability of these models, they were superim-
osed with the structure of each of the four monomers of
emplate Ct-FDH using the Superpose program from the CCP4 suite
22,23].

. Results

.1. Cloning, expression and purification of recombinant
LDH1L2 constructs

To characterize its enzymatic properties, mtFDH was expressed
s a recombinant protein. Since it has been predicted that the

itochondrial leader sequence is cleaved upon translocation of

he protein into mitochondria, the fragment encoding the first 21
mino acids of mtFDH was removed from the plasmid (Fig. 1A).
ecombinant mtFDH was expressed as a soluble protein and was
N-terminal intermediate mtFDH (NI-mtFDH). (B–D) SDS-PAGE (Coomassie stain-
ing) of purified recombinant mtFDH, Ct-mtFDH, and NI-mtFDH, respectively. (E) CD
spectrum of Ct-mtFDH protein.

purified to near-homogeneity (Fig. 1B). To study the aldehyde
dehydrogenase domain of mtFDH, we generated a C-terminal con-
struct of the protein (Ct-mtFDH) encompassing residues 413–923
(Fig. 1A) from the above plasmid. Ct-mtFDH was expressed as a
soluble protein of ∼58 kDa and was purified using metal affin-
ity chromatography (Fig. 1C). Size exclusion chromatography of
the purified Ct-mtFDH demonstrated that the protein eluted at
an average volume of 97.9 ml. This elution volume was similar
to that of the 232 kDa standard, catalase (99.7 ml), indicating that
the protein exists as a tetramer. CD spectroscopy was used to
evaluate whether Ct-mtFDH was appropriately folded (Fig. 1D),
and our analysis revealed a similar proportion of secondary struc-
ture elements as that of the C-terminal domain of cytosolic
FDH.

3.2. Hydrolase activities of ALDH1L1 and ALDH1L2
The ability of the FDH isoforms to catalyze the 10-fTHF hydrolase
reaction was assessed using the substrate 10-formyldideazafolate
(10-fDDF). This dideaza analogue is capable of substituting the nat-
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ig. 2. Hydrolase activities of ALDH1L1 and ALDH1L2. Michaelis–Menten curves for
ytFDH (ALDH1L1, closed circles) and mtFDH (ALDH1L2, open circles) hydrolase
eactions.

ral substrate in the in vitro assays of FDH activity, and it has the
dvantage of being much more stable than 10-fTHF [16]. For mtFDH,
he Km in relation to 10-fDDF was determined to be 11.4 �M with
Vmax of 29.5 nmol min−1 mg−1 (Fig. 2). For comparison, recom-

inant cytosolic FDH expressed in E. coli was assayed in control
xperiments [11,14]. The Km for the cytosolic enzyme was calcu-

−1 −1
ated to be 10.6 �M with a Vmax of 4.25 nmol min mg . Thus,
hile both isoforms of FDH shared a similar affinity for the sub-

trate, the mtFDH demonstrated a ∼7-fold higher rate of turnover
or the hydrolase reaction.

ig. 4. PPT modifies ALDH1L2 specifically at Ser375. (A) sequence alignment of ALDH1L
ttachment (Ser354). Two adjacent serine residues (Ser374 and Ser375) are present at th
ncubation with fluorescent reporter and either recombinant PPT (+PPT) or water (contro
fter Coomassie staining. NC refers to the S374/375A double mutant.
Fig. 3. Esterase activities of the C-terminal domains of ALDH1L1 and ALDH1L2.
Michaelis–Menten curves for cytFDH (ALDH1L1, closed circles) and mtFDH
(ALDH1L2, open circles) C-terminal constructs esterase reactions.

3.3. Aldehyde dehydrogenase and esterase activities of ALDH1L1
and ALDH1L2

Recombinant cytosolic FDH was shown to possess ALDH activ-
ity toward the short-chain aldehydes, propanal and acetaldehyde.
Interestingly, recombinant mtFDH was unable to catalyze the oxi-
dation of propanal or acetaldehyde using either NADP+ or NAD+
as a coenzyme. It has been previously shown that, in addition to
its ability to catalyze the ALDH reaction, cytosolic FDH is capable
of an esterase activity, the hydrolysis of para-nitrophenylacetate
(p-NPA) [19]. We examined the recombinant mtFDH for its abil-

1 (cytFDH) and ALDH1L2 (mtFDH) depicting the residues flanking the site of 4-PP
is location in mtFDH. (B) SDS-PAGE of recombinant mtFDH mutant constructs after
l). Upper panel, SDS-PAGE visualized under UV irradiation. Lower panel, SDS-PAGE
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Fig. 5. Human PPT modifies recombinant ALDH1L2 and enables its 10-fTHF dehy-
drogenase activity. (A) Knockdown of PPT in A549 cells using siRNA (−PPT)
determined by immunoblot with PPT-specific antibody. (B) Modification of recom-
binant ALDH1L2 with the fluorescent reporter by recombinant PPT (PPT) and lysates
from cells treated with either scrambled (Scr) or PPT-specific siRNA (−PPT). (C) Mod-
K.C. Strickland et al. / Chemico-Bio

ty to catalyze the esterase reaction and found it to be able to do
o.

The C-terminal domain of cytosolic FDH, expressed as a recom-
inant protein, is a functional ALDH [12]. However, recombinant
t-mtFDH (residues 413–923) was unable to catalyze such a reac-
ion, similar to the full-length mitochondrial protein. Ct-mtFDH
as also tested for its ability to perform the esterase reaction

nd was found to have a Km of 5.52 mM for the substrate, p-NPA,
ith a Vmax of 1970 nmol min−1 mg−1 (Fig. 3). As a comparison,

he C-terminal domain of cytosolic FDH was found to have a Km

f 4.45 mM for this substrate and a Vmax of 6470 nmol min−1 mg−1.
hus, the C-terminal domain of mtFDH, while capable of catalyzing
he esterase reaction, has more than three-fold decreased esterase
ctivity compared to the cytosolic enzyme.

.4. PPT activates dehydrogenase catalysis of ALDH1L2 by
odifying Ser375

Cytosolic FDH requires a 4-PP post-translational modification at
er354 for its 10-fTHF dehydrogenase catalytic activity [13]. Due to
he fact that mtFDH also displays 10-fTHF dehydrogenase activity,
nd taking into account the similarity between the cytosolic and
itochondrial isoforms, we predicted that the mitochondrial iso-

orm also requires a post-translational modification with 4-PP for
ts activity. A sequence alignment of the cytosolic and mitochon-
rial FDH isoforms demonstrated the presence of 2 consecutive
erine residues (Ser374 and Ser375) at the putative site of mtFDH
hosphopantetheinylation (Fig. 4A). In order to determine which
f these residues is the modification site of mtFDH, we mutated
ach of them separately (S374A and S374A mutants), as well as
oth of them simultaneously (S374/S375A double mutant), and
ested the corresponding proteins in an in vitro reaction using a
oA-derived fluorescent reporter and recombinant PPT. We have
reviously shown that ALDH1L1 can be covalently modified with
he reporter when incubated with PPT in vitro [14]. In our experi-

ents, PPT modified wild-type mtFDH and the S374A protein with
he fluorescent reporter, but not the S375A or S374/S375A mutants
Fig. 4B), indicating that Ser375 is the only site of 4-PP attachment.

Recombinant cytosolic FDH, expressed in E. coli, does not cat-
lyze the 10-fTHF dehydrogenase reaction due to the absence of the
-PP modification [13]. However, when incubated with PPT and CoA

n vitro, this enzyme acquires dehydrogenase activity. Similar to
his finding, recombinant mtFDH was found to be incapable of cat-
lyzing the 10-fTHF dehydrogenase reaction. To test whether PPT
nables this activity, recombinant mtFDH was incubated with E. coli
xpressed PPT, CoA, and Mg2+. The resulting mixture was tested for
ehydrogenase catalysis as previously described and found to be
ehydrogenase competent (Fig. 5C) [14].

.5. PPT silencing prevents modification of ALDH1L2 by
ammalian cell lysate

It has been suggested that humans possess only a single
hoshopantetheinyl transferase [24,25], and we have recently pro-
ided experimental evidence for this hypothesis [14]. We used a
ethod to fluorescently label recombinant FDH using mammalian

ell lysates as the source of PPT [13]. We demonstrated that, after
ilencing PPT in A549 cells, their lysates were unable to modify
ytosolic FDH in vitro, while control lysates were capable of cat-
lyzing this modification [14]. To determine if PPT is required for
he post-translational modification of mtFDH, we used a similar
pproach. For these experiments, we used a truncated construct of

tFDH (NI-mtFDH, residues 22–429, Fig. 1D) which contained the

er375 modification site. Successful PPT-silencing was confirmed
y immunoblot using a specific polyclonal antibody (Fig. 5A). In our

n vitro modification reactions, recombinant NI-mtFDH was incu-
ification of the recombinant ALDH1L2 by PPT enables the 10-fTHF dehydrogenase
reaction. Appearance of the products, DDF and NADPH was followed at 295 nm and
340 nm, respectively. The non-modified protein reaction was monitored at 295 nm.

bated with A549 cell lysates in the presence of the CoA-derived
fluorescent reporter. Lysates from PPT-silenced cells were unable to
modify NI-mtFDH, while lysates from cells treated with scrambled
siRNA successfully labeled the protein (Fig. 5B).

4. Discussion

Cytosolic FDH (ALDH1L1) is an abundant folate enzyme which
is well characterized with regard to its catalytic properties and
structure [11,12,17,26–29]. An interesting feature of this protein
is its chimeric nature. Indeed, the enzyme has three distinctive
domains, one of which, the C-terminal, is a homolog of aldehyde
dehydrogenases and thus defines the classification of the enzyme
[8]. This complex organization enables three catalytic activities of
the enzyme: the 10-fTHF hydrolase, ALDH, and 10-fTHF dehydro-
genase. Numerous studies suggest that the 10-fTHF dehydrogenase
reaction, believed to be the main biological function of the enzyme,

is a combination of the first two reactions, the hydrolase and ALDH.
While cytosolic FDH has long been described, the identification
of its mitochondrial isoform is a relatively recent discovery [15].
The catalytic properties of mtFDH were previously characterized
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Table 2
Important catalytic residues of the human FDH isoforms.

ALDH1L1 ALDH1L2 Relevant activities Reference

His 106 His 128 (predicted) Hydrolase and DH [29]
Asp 142 Asp 164 (predicted) Hydrolase and DH [17]
Ser 354 Ser 375 4-PP attachment (DH) [13]
Glu 673 Glu 694 (predicted) ALDH and DH [27]
Cys 707 Cys 728 (predicted) ALDH and DH [28]
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displays much lower esterase activity than the cytosolic enzyme.
H: 10-fTHF dehydrogenase activity.

sing protein purified from pig liver. A lower abundance of the
ndogenous enzyme compared to the cytosolic isoform, as well
s an obvious inability to characterize its different domains inde-
endently, prompted us to pursue studies of recombinant mtFDH.

n the present work, the catalytic properties of recombinant full-
ength mtFDH and its different domains, expressed in E. coli, were
ssessed.

Due to the high sequence similarity to cytosolic FDH, mtFDH
as expected to possess the same catalytic residues and activities

s the cytosolic isoform (Table 2). Indeed, mtFDH, purified from
ammalian liver, was capable of catalyzing the 10-fTHF hydro-

ase and 10-fTHF dehydrogenase reactions [15]. With no surprise,
ecombinant mtFDH demonstrated strong 10-fTHF hydrolase activ-
ty. Moreover, while the Km values for this reaction were similar
etween the two isoforms, the Vmax for the mtFDH-catalyzed reac-
ion was about 7-fold higher than that of cytosolic FDH. Of note,
ne of the products of this reaction is formate. Since it is believed
hat mitochondrial folate metabolism serves to generate formate
or its further utilization in cytosolic folate-dependent biosynthetic
eactions [6], a high hydrolase activity points toward mtFDH as

potential producer of formate from folate-bound one-carbon
roups. Similar to cytosolic FDH, this reaction requires high levels
f a reducing agent in the in vitro assay (2-mercaptoethanol or DTT
ere used in our experiments). While it is not clear at present if this

eaction truly occurs in mitochondria, high concentrations of glu-
athione in this organelle (more than 10 mM [30]) could potentially
upport in vivo hydrolase activity of mtFDH.

We have previously shown that cytosolic FDH is post-
ranslationally modified by PPT, which adds a 4-PP prosthetic group
o the enzyme at serine 354 [14]. This modification is necessary
or 10-fTHF dehydrogenase catalysis [13]. Interestingly, mtFDH has
wo serine residues near the predicted site of 4-PP attachment
Ser374 and Ser375), and it was speculated that either of these
esidues could be modified. Our results, however, demonstrate that
PT modifies mtFDH exclusively at Ser375. Thus, the modification
f the intermediate domain by PPT appears to be highly specific.
s in the case of the cytosolic enzyme, this modification enables
0-fTHF dehydrogenase catalysis of mtFDH. In our previous stud-

es, siRNA knockdown of PPT abrogated the ability of cell lysate
o modify recombinant FDH [14]. In the present study, the same
ffect was seen in our experiments with mtFDH. This data, taken
ogether with the strong antiproliferative effects of PPT knockdown
een in human cell lines [14], suggest the presence of a single PPT
ype enzyme in humans. Interestingly, a prior study found that
PT is a cytosolic enzyme [24]. Thus, these findings suggest that
tFDH should be modified in the cytosol prior to its transloca-

ion into mitochondria. Since PPT recognizes the ternary structure
f proteins [25], mtFDH must be at least partially folded prior to
odification. Overall, these observations raise important questions

bout the processing of mtFDH and the mechanism of its transloca-
ion. Specifically, what is the oligomeric form in which the enzyme
ranslocates (unfolded monomer or folded tetramer) and whether
tFDH is folded into a fully functional protein in cytosol?
Surprisingly, our studies revealed that recombinant mtFDH is

nable to catalyze the ALDH reaction. Since mtFDH still catalyzes
l Interactions 191 (2011) 129–136

the 10-fTHF dehydrogenase reaction and previous studies have
implied that ALDH activity is a component of this catalysis, it would
be logical to assume that the enzyme is capable of ALDH catal-
ysis. The fact that mtFDH catalyzes the 10-fTHF dehydrogenase
reaction eliminates the possibility that the lack of ALDH activity
is due to incomplete or incorrect folding of the C-terminal domain.
Indeed, when expressed separately, this domain forms tetramers
and displays a typical CD-spectrum, both parameters indicative
of a folded protein. Nevertheless, Ct-mtFDH itself does not pos-
sess ALDH activity in contrast to the corresponding domain of the
cytosolic enzyme. While the lack of ALDH catalysis in mtFDH does
not have a definitive explanation at present, several mechanisms
for such a phenomenon could be considered. For instance, it is
possible that short-chain aldehydes are not substrates for mtFDH.
Another explanation would be that the 10-fTHF dehydrogenase
mechanism is not a precise replica of the ALDH catalytic mechanism
(i.e. active ALDH catalysis, as whole, might not be a prerequisite for
10-fTHF catalysis). Indeed, the two reactions result in different oxi-
dation states of the carbon atom of the substrate: it is oxidized from
the level of aldehyde to the level of acid in one case (ALDH) and from
the level of acid to the level of carbon dioxide in the other (10-fTHF
dehydrogenase reaction). ALDH catalysis includes two steps, acyla-
tion and deacylation, with a covalent intermediate [31–33]. Taking
into consideration the requirement for 4-PP for the 10-fTHF dehy-
drogenase reaction, the difference between a typical ALDH reaction
and the one catalyzed by the dehydrogenase domain of mtFDH may
be in the acylation step, which in the latter enzyme probably con-
sists of the transfer of the formyl group from the thiol of 4-PP to the
thiol of the FDH catalytic cysteine. Thus, the inability to accomplish
a canonical acylation step could be accountable for the lack of ALDH
catalysis in mtFDH.

Importantly, it has recently been reported that zebrafish cytoso-
lic FDH (zFDH) also lacks ALDH activity [34]. Of note, recombinant
zFDH, similar to mtFDH, is capable of the 10-fTHF dehydrogenase
catalysis (after activation with mammalian cell lysate and CoA).
The C-terminal domains of human mitochondrial and zebrafish
FDH are highly similar to that of the rat cytosolic enzyme (77% and
81% sequence identity, respectively). In particular, the catalytic cys-
teine and glutamate (Table 2), as well as the residues forming the
substrate entrance tunnel, are conserved in all three proteins. The
ALDH catalytic centers of the active C-terminal domain of cytosolic
FDH and non-active domains of mtFDH and zFDH were analyzed
for potential structural alterations using homology modeling. To
confirm the utility of our models, they were examined for ster-
ical clashes at the monomer–monomer interface, as well as for
other potential hindrances due to amino acid residue replacements.
These in silico experiments suggest a near identical arrangement
of the active sites in the examined proteins (Fig. 6). However, it
can be speculated that the ALDH catalysis of the inactive enzymes
may be influenced by distant residues, not participating directly in
substrate binding. For example, it has been suggested that the half-
of-the-site reactivity observed in some aldehyde dehydrogenases
could be a result of yet to be characterized long-range interactions
occurring between the catalytic site and the nucleotide binding site
[35]. Alternatively, insertion of the bulky 4-PP prosthetic group in
the substrate entrance tunnel may be necessary for “fine tuning” of
the structures of human mitochondrial and zebrafish enzymes in
order for optimal substrate binding and orientation for nucleophilic
attack of the catalytic cysteine.

Aldehyde dehydrogenases also possess an esterase activity, the
hydrolysis of p-NPA [36]. This activity was found in both isoforms of
FDH, in contrast to ALDH activity. It appears, however, that mtFDH
Esterase catalysis relies on the action of the same cysteine which
acts as the nucleophile in ALDH catalysis [37]. Thus, the dimin-
ished esterase activity of mtFDH may reflect the apparent lack of the
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Fig. 6. Superposition of the active site residues in the crystal structure of rat cytoso-
lic Ct-FDH (PDB ID 2o2p, orange) and a homology model of human mitochondrial
Ct-FDH (cyan) generated with the SWISS-MODEL server [21]. Amino acid residues
are numbered according to the rat cytosolic enzyme. A glycerol molecule found in
the crystal structure of rat Ct-FDH is shown with magenta spheres to mark the loca-
tion of the substrate entrance tunnel. Superposition with a model of zebrafish FDH
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LDH activity. It is hard to predict whether mtFDH or zFDH would
ave aldehyde dehydrogenase activity within the cellular environ-
ent. In this regard, a recent study demonstrated activation of the

ow-activity oriental ALDH variant by a small molecule [38]. The
xistence of such a compound implies a theoretical possibility for
ctivation of mtFDH ALDH catalysis, but this activity may not have
n independent physiologic function for FDH enzymes. Regardless,
he main catalytic function of the FDH isoforms as 10-fTHF metab-
lizing enzymes appears to be competent in the absence of ALDH
ctivity. On an evolutionary note, since the divergence between
LDH1L1 and ALDH1L2 took place at some time before the emer-
ence of bony fish [39], it is possible that cytosolic FDH acquired
he ability to catalyze the ALDH reaction at some distant point after
LDH1L1 gene duplication.

. Conclusion

The compartmentation of folate metabolism between cytosol
nd mitochondria is a well-established phenomenon. One of the
olate coenzymes, 10-fTHF, is present in both compartments and
as separate functions in cytosol and mitochondria. In the former,

t participates in de novo purine biosynthesis while in the latter it is
nvolved in both the production of formate [40,41] and the formy-
ation of the translation initiator, methionyl-tRNA [42,43]. FDH is a

ajor enzyme metabolizing 10-fTHF in both cytosol and mitochon-
ria. While the proposed function of the cytosolic enzyme is the
verall regulation of the flux of one-carbon groups through folate
ool [10], mtFDH may be involved in producing formate, a pathway
huttling one-carbon groups from mitochondria to cytosol. This
nzyme might also be involved in the regulation of mitochondrial
rotein biosynthesis. A physiologic function for FDH-associated
LDH activity has not been experimentally established. The fact
hat mtFDH and cytosolic zFDH do not display a detectable level of
LDH activity implies the lack of a biological function relevant to
xidation of aldehydes for this group of enzymes.
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