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Tetrahydrofolate coenzymes involved in one-carbon (C1) metabo-
lism are polyglutamylated. In organisms that synthesize tetrahy-
drofolate de novo, dihydrofolate synthetase (DHFS) and folylpoly-
glutamate synthetase (FPGS) catalyze the attachment of glutamate
residues to the folate molecule. In this study we isolated cDNAs
coding a DHFS and three isoforms of FPGS from Arabidopsis
thaliana. The function of each enzyme was demonstrated by
complementation of yeast mutants deficient in DHFS or FPGS
activity, and by measuring in vitro glutamate incorporation into
dihydrofolate or tetrahydrofolate. DHFS is present exclusively in
the mitochondria, making this compartment the sole site of syn-
thesis of dihydrofolate in the plant cell. In contrast, FPGS is present
as distinct isoforms in the mitochondria, the cytosol, and the
chloroplast. Each isoform is encoded by a separate gene, a situation
that is unique among eukaryotes. The compartmentation of FPGS
isoforms is in agreement with the predominance of �-glutamyl-
conjugated tetrahydrofolate derivatives and the presence of serine
hydroxymethyltransferase and C1-tetrahydrofolate interconvert-
ing enzymes in the cytosol, the mitochondria, and the plastids.
Thus, the combination of FPGS with these folate-mediated reac-
tions can supply each compartment with the polyglutamylated
folate coenzymes required for the reactions of C1 metabolism.
Also, the multicompartmentation of FPGS in the plant cell suggests
that the transported forms of folate are unconjugated.

In all living cells, tetrahydrofolate (vitamin B9) is involved in
one-carbon (C1) transfer reactions. It is an absolute require-

ment for the synthesis of purine, thymidylate, formylmethionyl-
tRNA, pantothenate, and methionine, and for the interconver-
sion of glycine and serine. The tetrahydrofolate molecule
[5,6,7,8-tetrahydropteroylpoly-�-glutamate (H4F-Glun)] capable
of carrying and donating C1 units consists chemically of a
pteridine ring attached to a para aminobenzoic acid (p-ABA)
moiety, which in turn is attached to glutamate residues. Because
the affinity of folate-dependent enzymes increases markedly
with the number of glutamate residues, the folylpolyglutamates
are the preferred coenzymes of C1 metabolism (reviewed in refs.
1–3). The conjugated forms of the vitamin are also involved in
the retention of folate within the cell and its subcellular com-
partments (4). Plant folates vary in their levels of glutamyl
conjugation, the pentaglutamate species being the most abun-
dant in pea cotyledons and leaves (5). H4F-Glun is present in
various compartments of the plant cell. The cytosol contains the
largest pool of folates, predominantly in the form of polyglu-
tamylated methyl derivatives. In pea leaves, mitochondria and
chloroplasts also contain principally (�90%) polyglutamylated
forms (5, 6). The distribution of folates among the organelles is
unequal because the estimated concentration of folates in mi-
tochondria is 100–150-fold higher than in chloroplasts (7, 8).

In the complex pathway leading to H4F-Glun synthesis, two
reactions mediate the attachment of glutamate. The first reac-
tion, catalyzed by dihydrofolate synthetase (DHFS, EC 6.3.2.12),
attaches the first glutamate residue to the carboxyl moiety of
para aminobenzoic acid (p-ABA) to form dihydrofolate. The
enzyme is only present in organisms having the ability to
synthesize H4F de novo from the 6-hydroxymethyldihydropterin,
p-ABA, and glutamate precursors (e.g., plants, most bacteria,
fungi, and protozoa). In all organisms, including those requiring
exogenous folate for growth, the polyglutamate tail of H4F-Glun
is formed by the sequential addition of �-linked glutamate
residues to H4F-Glu1, a reaction catalyzed by folylpolyglutamate
synthetase (FPGS, EC 6.3.2.17). The crucial role of the glutamy-
lation steps in H4F-Glun synthesis has been demonstrated by the
characterization of mutants affected in the DHFS or FPGS
activities. Thus, disruption of the FOL3 gene coding DHFS in
Saccharomyces cerevisiae leads to spores requiring a stable H4F
derivative for growth (9). Mutations affecting FPGS result in
folylpolyglutamate deficiencies and auxotrophies for the prod-
ucts of C1 metabolism. Such mutants from S. cerevisiae and
Neurospora crassa display methionine auxotrophy (2, 9, 10),
whereas the Chinese hamster ovary AUXB1 cell line lacking FPGS
activity is auxotroph for purine, thymidine, and glycine (11).

In bacteria that synthesize H4F-Glun de novo (Escherichia coli,
Corynebacterium), the product of the folC gene possesses both
DHFS and FPGS activities (12). Yet, the only example of an
eukaryote gene encoding both DHFS and FPGS activities is
from the human malaria parasite Plasmodium falciparum (13). In
other eukaryotes synthesizing folate de novo (plants, fungi),
distinct proteins catalyze the addition of glutamate residues to
dihydropteroate or H4F. In fungi, it has been suggested that
DHFS is a cytosolic enzyme and that FPGS isoforms are present
in the cytosol and the mitochondria (10, 14). Analysis of the
subcellular distribution of folate-synthesizing enzymes in pea
leaves established that mitochondria play a major role in H4F-
Glun synthesis (7). Other studies supported the mitochondrial
localization of DHFS (15) and suggested the presence of FPGS
in the cytosol (16). Organisms that lack DHFS activity and
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require exogenous folate for growth (animals and bacteria such
as Lactobacillus) possess a monofunctional FPGS. In mamma-
lian tissues, the enzyme is present in the cytosol and the
mitochondria (4). Both forms of FPGS derive from the same
gene by the use of two different translation initiation codons, the
first AUG generating the mitochondrial enzyme (17).

During the last decade, our knowledge concerning H4F bio-
synthesis in plants has improved considerably (for reviews, see
refs. 2 and 3). However, the existence of FPGS isoforms, their
subcellular distribution, and their relative contribution to H4F
biosynthesis have not been yet elucidated. In this study we
describe the cloning and functional characterization of cDNAs
coding the enzymes responsible for the glutamylation of dihy-
dropteroate and H4F in Arabidopsis thaliana. DHFS is a mito-
chondrial protein, whereas the three FPGS isoforms character-
ized are respectively located in the cytosol, the mitochondria,
and the chloroplasts.

Materials and Methods
Plant Materials. A. thaliana (ecotype Wassilewskija) seeds were
grown on soil with a light intensity of 100 �E m�2 s�1, a day
length of 14 h, and a day�night temperature of 25�20°C. A.
thaliana (ecotype Columbia) cell suspension cultures were grown
under continuous white light (40 �E m�2 s�1) at 23°C with rotary
agitation at 125 rpm in Gamborg’s B5 medium supplemented
with 1 �M 2-naphtalene acetic acid and 1.5% (wt�vol) sucrose.

cDNA Cloning. Poly(A)� mRNA was isolated from above-ground
parts of 3-week-old A. thaliana plants and used to construct a
Marathon cDNA amplification library according to the manu-
facturer’s instructions (CLONTECH). Rapid amplification of
cDNA ends (RACE) PCR was conducted with adapter-specific
primers and sets of antisense (5�-RACE) and sense (3�-RACE)
gene-specific primers designed to generate fragments overlap-
ping by �300 bp. Amplification was done with the Advantage
cDNA polymerase mix according to the manufacturer’s instruc-
tions (CLONTECH). PCR products were subcloned into the
pGEM T-Easy vector (Promega) and sequenced by using the
ABI Prism dye terminator system (GenomeExpress, Meylan,
France). Sequencing confirmed that the isolated sequences
encode DHFS-FPGS homologs in Arabidopsis. Full-length
cDNAs were then generated by PCR, cloned in the pGEM
vector, and sequenced in both strands. The cloned sequences
were designated AtDFA, -B, -C, and -D for A. thaliana DHFS-
FPGS homologs.

Functional Complementation in Yeast. The S. cerevisiae strains used
in this study were CC788–2B (MAT�, his3, leu2, ura3, and trp1),
CD180 (MATa��, his3�his3, leu2�leu2, ura3�ura3, trp1�trp1, and
MET7�met7::TRP1), CD180–5C (MAT�, his3, leu2, ura3, trp1,
and met7::TRP1), and CD208–2B (MAT�, his3, leu2, ura3, trp1,
and fol3::HIS3) (9). Growth media and genetic manipulations
were as described by Cherest et al. (9). Transformation of yeast
strains disrupted for the genes coding FPGS (MET7) or DHFS
(FOL3) was performed by using the shuttle vector pRS316-
proADH1 that contains the URA3 gene for selection and the
ADH1 promoter to drive expression of the Arabidopsis cDNAs
(18). For expression in yeast, the coding sequences of AtDFA,
AtDFB, and AtDFC devoid of the predicted transit peptide
presequences were amplified by PCR and cloned in pRS316-
proADH1. Thus, the AtDFA and -B proteins started at Met-20
and Met-59, respectively. To express the recombinant AtDFC
protein, a methionine codon was placed before Leu-51. The
entire coding sequence of AtDFD was amplified by PCR and
cloned into pRS316-proADH1. The sequence of each construct
was verified before transformation.

Assays of DHFS and FPGS Activities. Yeast strains were grown in
minimal medium complemented to meet their auxotrophic
requirements, harvested by centrifugation (5,000 � g, for 5 min)
during exponential growth phase, and washed in 50 mM
Tris�HCl, pH 8.0�10 mM 2-mercaptoethanol (2-ME). Cells were
suspended in 50 mM Tris�HCl (pH 8.0), 10 mM 2-ME, 5%
(vol�vol) glycerol, 1 mM PMSF, and a mixture of protease
inhibitors (no. 1873580, Roche Molecular Biochemicals), and
broken by passage through a French press at 10,000 psi (1 psi �
6.89 kPa). Cell lysates were centrifuged at 16,000 � g for 15 min
at 4°C, and the supernatants were used for enzymatic assays.
Proteins were measured by the method of Bradford (19) with
BSA as standard.

DHFS and FPGS activities were measured by the incorpora-
tion of [3H]glutamate into dihydrofolate and H4F-Glun, respec-
tively. The DHFS assay medium (100–200 �l) contained 0.1 M
Tris�HCl (pH 8.0), 50 mM 2-mercaptoethanol, 20 mM KCl, 5
mM ATP, 10 mM MgCl2, 3 mM [3H]glutamate (2 �Ci, Amer-
sham Pharmacia), and various amounts of protein extracts. The
reaction was started by the addition of 100 �M dihydropteroate
and proceeded for 20–60 min at 37°C. The [3H]dihydrofolate
formed was separated from unreacted [3H]glutamate by ion
exchange chromatography and counted (7). The FPGS activity
was determined by using a similar procedure except that the
reaction was initiated with 100 �M H4F-Glu1 instead of dihy-
dropteroate. According to Schirch (20), 10-CHO-H4F was syn-
thesized from 5-CHO-H4F, and 5,10-CH2-H4F was generated in
situ by incubating 0.1 mM H4F and 1 mM formaldehyde for 15
min at 37°C before the addition of other reaction components.
The standard assay conditions for FPGS (incubation time and
saturating H4F-Glu1 concentration) favored the formation of
folyldiglutamates (5).

Preparation of a Cytosolic-Enriched Fraction. Protoplasts were pre-
pared by enzymatic digestion of 6-day-old cell suspension cul-
tures, using the procedure described in ref. 21. Protoplasts were
gently ruptured by passing through a 20-�m nylon mesh and
subsequently through a 10-�m nylon mesh. The protoplast lysate
was centrifuged successively at 100 � g for 5 min, 900 � g for 5
min, and 13,000 � g for 20 min. The 13,000 � g supernatant
fraction was centrifuged further at 100,000 � g for 1 h to remove
membranes. Pellets were pooled and used, together with the
13,000 � g supernatant fraction, to measure marker enzyme
activities (7). Most of the chloroplast (83 � 5%, mean of three
independent experiments � SE) and mitochondria (92 � 2%)
marker activities were recovered in the pooled pellets, whereas
the 13,000 � g supernatant fraction contained 67 � 3% of the
cytosolic marker activity. This cytosolic-enriched fraction con-
tained a small proportion of mitochondrial (8 � 2%) and
chloroplastic (17 � 5%) marker enzymes.

Purification of Chloroplasts. Chloroplasts were purified from
3-week-old A. thaliana leaves as described in ref. 22. Intact
chloroplasts were purified on Percoll gradients and lysed in 10
mM Mops (pH 7.6), 4 mM MgCl2, 1 mM PMSF, and 1 mM
aminocaproic acid. Chloroplast subfractions were separated on
a step gradient of 0.93–0.6 M sucrose in 10 mM Mops (pH 7.6)
by centrifugation at 70,000 � g for 1 h. The soluble fraction
(stroma) was collected at the top of the 0.6 M sucrose layer.

Purification of Mitochondria. Mitochondria were prepared from
6-day-old Arabidopsis cell suspension cultures as described by
Douce et al. (23). Crude mitochondria were layered on discon-
tinuous gradients consisting of 18, 23, and 40% Percoll layers in
0.3 M sucrose, 10 mM potassium phosphate (pH 7.2), 1 mM
EDTA, and 0.1% BSA. Gradients were centrifuged at 39,000 �
g for 40 min, and mitochondria were collected at the 23�40%
Percoll interface. To obtain soluble proteins (matrix), purified
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mitochondria were lysed by a 10-fold dilution in 10 mM Mops
(pH 7.2)�1 mM DTT and submitted to 3 freeze-thaw cycles.
Membranes were removed by centrifugation at 100,000 � g for 1 h.

Ab Production and Immunoblot Analysis. To prepare specific Abs,
the AtDF proteins were produced in E. coli by using pET15b or
pET20b(�) vectors (Novagen). For the AtDFA and AtDFD
proteins, the complete ORF was cloned in the expression vectors
whereas AtDFB and AtDFC were truncated at their N-termini
(58 and 86 residues, respectively) for cloning convenience.
Constructs were introduced into BL21(DE3)pLysS cells (Nova-
gen) and protein expression was conducted for 3 h at 37°C in
Luria–Bertani medium containing 0.4 or 1 mM isopropyl �-D-
thiogalactoside for pET20b(�) or pET15b constructs, respec-
tively. Most of the expressed proteins were recovered in the
inclusion body fractions. Recombinant proteins were purified
further by SDS�PAGE (24) and injected into New Zealand
rabbits to raise Abs (Centre Valbex, Institut Universitaire de
Technologie de Biologie, Villeurbanne, France). Proteins from
Arabidopsis cell subfractions were resolved by SDS�PAGE and
electroblotted to nitrocellulose membrane. The blots were
probed by using the affinity-purified Abs, horseradish peroxi-
dase-conjugated goat anti-rabbit IgGs, and detection was
achieved by chemiluminescence.

Transient Expression of Green Fluorescent Protein (GFP) Fusion Pro-
teins in Arabidopsis Protoplasts. A pUC18 plasmid expressing the
modified version mGFP4 of the GFP under the control of the
caulif lower mosaic virus 35S promoter was used for transient
expression experiments in Arabidopsis protoplasts (25). The
N-terminal regions of the AtDFA, -B, -C, and D proteins fused
upstream and in-frame with mGFP4 contained 82, 100, 119, and
46 residues, respectively. The transit peptide sequences of the
small subunit of Rubisco from Arabidopsis (55 residues, ats1A
gene, GenBank accession no. X13611) and dihydropterin pyro-
phosphokinase-dihydropteroate synthase (HPPK-DHPS) from
pea (28 residues; ref. 26) were used as controls for the targeting
of GFP to plastids and mitochondria, respectively. Transient
transformation of Arabidopsis protoplasts prepared from a
6-day-old cell suspension culture was achieved with the proce-
dure described by Abel and Theologis (27). Just before analysis,
protoplasts were incubated for 5 min at room temperature with
the dye MitoTracker Orange (CM-H2TMRos, Molecular
Probes). Samples were analyzed by confocal laser scanning
microscopy, using a Leica TCS-SP2 operating system. GFP,
MitoTracker, and chlorophyll f luorescence were excited and
collected sequentially (400 Hz line by line) by using 488 nm for
GFP, 543 nm for MitoTracker, and 633 nm for chlorophyll
excitation. Fluorescence emission was collected from 500 to 535
nm for GFP, from 553 to 600 nm for MitoTracker, and from 643
to 720 nm for chlorophyll.

Results
Isolation of DHFS-FPGS Homologs in Arabidopsis. In all organisms
studied so far, enzymes displaying DHFS and�or FPGS activities
share highly conserved motives designated FPGS signatures
(PROSITE PS01011 and PS01012). By using BLAST analysis, we
searched the Arabidopsis genome database for sequences similar
to these signatures. Four DHFS-FPGS-related sequences were
retrieved. Sets of primers were designed to amplify the corre-
sponding cDNAs by 5�- and 3�-rapid amplification of cDNA
ends, using poly(A)� mRNA isolated from above-ground organs
of 3-week-old Arabidopsis plants. The isolated clones displayed
significant homology with known DHFS-FPGS sequences and
were designated AtDFA, -B, -C, and -D for A. thaliana DHFS-
FPGS homologs. The main properties of the cDNAs are sum-
marized in Table 2, which is published as supporting information
on the PNAS web site, www.pnas.org.

Comparison of the entire amino acid sequences deduced from
the isolated cDNAs allowed us to classify the AtDF proteins into
two classes (Fig. 1). AtDFB, -C, and -D share 41–47% identity
(58–69% similarity) and form the first subclass. The AtDFA
protein seemed to be distinct from this group because identical
residues accounted for only 22% (42% similarities). Further-
more, alignment of the Arabidopsis proteins (Fig. 6, which is
published as supporting information on the PNAS web site) led
us to distinguish three domains. The first one located at the N
terminus contained 30–70 residues for AtDFA, -B, and -C but
was absent in AtDFD. Features typical for mitochondrial or
chloroplastic transit peptides were found in the N-terminal
extensions of AtDFA, -B, and -C (Table 2), thus suggesting that
these proteins are targeted to the organelles. A similar analysis
performed with AtDFD revealed no signal sequence, thus
indicating that the protein is most probably cytosolic. The second
region started after the N-terminal domain and extended over
�220 residues. It is characterized by the highest similarity score
among the four sequences (28% identical plus 14% similar
residues) and contained a number of residues that are highly
conserved in known FPGS sequences (FPGS signatures; Fig. 6).
In particular, the GTKGKGS motif (P loop) and subsequent
blocks are involved in the binding of ATP and Mg2� (29). Except
for the last 40 residues, the C-terminal part of the AtDF proteins
was less conserved. However, several blocks of highly conserved
residues are evident, in particular when comparing AtDFB, -C,
and -D. Structural analysis of FPGS from Lactobacillus casei
indicated that the C-terminal domain of the protein is the site of
H4F binding (29). The low percentage of identity observed in this
region between AtDFA on one hand and AtDFB, -C, and -D on
the other hand may therefore reflect from the utilization of
different substrates, namely dihydropteroate for DHFS vs. H4F
for FPGS, by these proteins.

A phylogenetic analysis indicated that AtDFB, -C, and -D are
closely related to monofunctional FPGS from eukaryotes (Fig.
1). AtDFA belonged to another division of the tree that includes
FPGS from L. casei, DHFS-FPGS from E. coli, and DHFS from
S. cerevisiae. Thus, AtDFB, -C, and -D are probably FPGS, but
the situation is less obvious for AtDFA. It was not possible from
phylogenetic analysis to decipher whether this protein fit in the
class of (i) eukaryotic DHFS or (ii) FPGS and DHFS-FPGS from
prokaryotes.

Functional Analysis of Arabidopsis DHFS-FPGS Proteins in Yeast. To
test the function of the Arabidopsis DHFS-FPGS proteins, the

Fig. 1. Phylogenetic analysis of the Arabidopsis DHFS-FPGS proteins. The
phenogram was produced from a CLUSTAL W alignment (28) by using the KITSCH

program of the Phylip package available at http:��www.infobiogen.fr (boot-
strap analysis with 415 trees examined). Bifunctional DHFS-FPGS from E. coli
(Ec, GenBank accession no. M32445), P. falciparum (Pf, AF161264), monofunc-
tional FPGS from S. cerevisiae (Sc, NC001147), Homo sapiens (Hs, M98045), L.
casei (Lc, J05221), and monofunctional DHFS from S. cerevisiae (Sc, NC001145)
were included in the alignment.
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yeast strains CD180 and CD208–2B disrupted for the MET7 and
FOL3 genes, respectively, were used (9). Yeasts were selected as
host cells for functional complementation because they possess,
as do plants, monofunctional DHFS (Fol3 protein) and FPGS
(Met7 protein) enzymes. The haploid strain CD208–2B bearing
the fol3	 allele grows if the medium is supplemented with
5-CHO-H4F, a stable H4F derivative. Transformation of
CD208–2B ( fol3	) with the shuttle vector containing AtDFA
allowed yeast growth on medium lacking 5-CHO-H4F (Fig. 2A),
providing the first evidence that the AtDFA cDNA encodes a
functional DHFS protein. Expression of AtDFB, -C, or -D did
not correct the 5-CHO-H4F requirement (Fig. 2 A), thus indi-
cating that these proteins have no DHFS activity.

In yeast, FPGS is essential for methionine biosynthesis and for
maintenance of mitochondrial DNA (9). Indeed, cells bearing
the met7	 mutation were methionine prototrophs and ‘‘petites,’’
i.e., the cells were respiration-deficient and unable to use ethanol
as a carbon source. The diploid CD180 (met7	�MET7) strain
was transformed with the pRS-AtDF plasmids, and the progeny
was analyzed on a medium lacking methionine (glucose as a
carbon source) and on medium containing ethanol as a carbon
source. Spores disrupted for the MET7 gene (Trp�, met7::TRP1)
and expressing the AtDFB, -C, or -D cDNAs (Ura�, presence of
the pRS vector) did not require methionine for growth (Fig. 2B).
These cells were also able to grow on a medium containing ethanol
as a carbon source, thus indicating that they are respiration-
competent (Fig. 2B). These results are similar to that obtained
when a plasmid harboring the wild-type MET7 gene is used to
transform the diploid CD180 (met7	�MET7) strain (Fig. 2B; ref. 9),
thus indicating that the AtDFB, -C, and -D cDNAs encode three
isoforms of functional FPGS. On the other hand, the expression of
the AtDFA protein did not correct either the methionine require-
ment or the respiration-deficient phenotype (Fig. 2B).

To validate the results described above, DHFS and FPGS
activities were determined in vitro by using protein extracts
prepared from the different strains. The DHFS activity detected
in CD208–2B ( fol3	) transformed with pRS-AtDFA (0.26 nmol
dihydrofolate formed per h�mg of protein) is similar to that
measured in the parental FOL3 strain (0.22 nmol�h�mg of
protein). Because no activity could be detected for CD208–2B
( fol3	), this result confirmed that the AtDFA cDNA encodes a
functional DHFS enzyme. When FPGS was assayed by using
H4F-Glu1 as a substrate, no activity could be detected in

CD180–5C (met7	), as expected for a null mutation of the MET7
gene (9). The activities measured in the met7	 cells expressing
AtDFB, -C, or -D ranged from 0.08 to 0.30 nmol glutamate
incorporated per h�mg of protein (Table 1), thus confirming that
these proteins are functional FPGS enzymes. The three FPGS
isoforms from Arabidopsis exhibited broad substrate specificity
because they were able to add glutamates to H4F-Glu1 carrying
various C1 units (Table 1). This property is characteristic for the
eukaryotic FPGS so far studied (1, 2).

Subcellular Localization of DHFS and FPGS Isoforms. To analyze the
localization of DHFS and the three FPGS isoforms in the plant
cell, we prepared specific Abs against each protein. Intact
chloroplasts and mitochondria were purified on Percoll density
gradients, thus providing organelles devoid of contamination
from the other compartments. Also, a cytosolic-enriched frac-
tion was prepared. Preliminary experiments indicated that
DHFS and FPGS isoforms are soluble proteins in Arabidopsis
(data not shown). Soluble proteins from purified chloroplasts
(stroma), mitochondria (matrix), and the cytosolic-enriched
fractions were then analyzed by Western blotting. Abs raised
against the AtDFA protein identified a 53-kDa polypeptide in
the total cell protein extract and the mitochondrial matrix
fraction (Fig. 3A). A similar pattern was obtained for the isoform
C of FPGS, which had an estimated molecular mass of 66 kDa
(Fig. 3C). These results strongly suggest that in Arabidopsis
DHFS and FPGS C are located in the matrix of mitochondria.
This localization is consistent with a previous study performed
in pea leaves (7), and the estimated Mr of the mature proteins fits
well with the calculated molecular mass of the corresponding

Fig. 2. Complementation of the fol3	 and met7	 yeast strains by the
Arabidopsis DHFS-FPGS homologs. (A) Growth of strains CC788–2B (WT),
CD208–2B ( fol3	; f3), and CD208–2B transformed with pF3 (harboring the
wild type FOL3 gene) or with the pRS-AtDF vectors (A–D) on complete syn-
thetic medium and complete synthetic medium lacking 5-CHO-H4F. (B) Growth
of strains CC788–2B (WT), CD180–5C (met7	; m7) and the Ura��Trp� seg-
regants resulting from the sporulation of CD180 (met7�MET7) diploid cells
transformed with pM7 (harboring the wild type MET7 gene) or with the
pRS-AtDF vectors (A–D) on complete synthetic medium, complete synthetic
medium lacking methionine, and on ethanol-containing YPethA medium (9).

Table 1. Substrate specificity of FPGS in the different
yeast strains

Yeast strain H4F CH2-H4F CH3-H4F 5-CHO-H4F 10-CHO-H4F

CC788-2B (MET7) 0.78 0.86 0.34 0.69 1.10
CD180-5C �

pRS-AtDFB
0.11 0.16 0.17 0.17 0.20

CD180-5C �

pRS-AtDFC
0.08 0.11 0.14 0.11 0.15

CD180-5C �

pRS-AtDFD
0.30 0.36 0.19 0.27 0.39

Activities were determined at 37°C as described under Materials and
Methods by using 100 �M H4F-Glu1 and its derivatives. Specific activities are
expressed in nmol�h�mg of protein. Data are representative of 2–5 indepen-
dent measurements. No activity was detected in the original CD180-5C
(met7	) strain by using H4F-Glu1 as a substrate.

Fig. 3. Immunolocalization of DHFS and FPGS isoforms in Arabidopsis. Proteins
(35 �g for total extract, 17 �g for chloroplast stroma, 5 �g for mitochondrial
matrix, and 17 �g for the cytosolic-enriched fraction) were separated by SDS�
PAGE using 10% acrylamide gels, transferred to nitrocellulose membranes, and
probed with the Abs specific to each protein. A–D correspond to membranes
probed with the Abs to AtDFA, -B, -C, and -D, respectively.
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ORF minus the predicted mitochondrial transit peptide prese-
quence. Fig. 3B shows that the 60-kDa polypeptide recognized
by the AtDFB Abs in the total cell protein extract was also
detected in the stromal fraction, thus indicating that the isoform
B of FPGS is present in the chloroplast. The estimated molecular
mass was consistent with a transit peptide of �25 residues. The
immunoblots probed with the Abs raised against FPGS D
indicated that the protein is present in the cytosol (Fig. 3D).
Indeed, a 55-kDa polypeptide that corresponds to the calculated
molecular mass for FPGS D is detected only in the total cell
protein extract and the cytosolic-enriched fraction.

As a complementary approach, the subcellular localization of
DHFS and FPGS isoforms was analyzed in vivo by using fusions
between the N terminus of the individual Arabidopsis proteins
and a GFP marker protein. As shown in Fig. 4D, the expression
of AtDFD-GFP in Arabidopsis protoplasts resulted in green
fluorescence throughout the cytoplasm and the nucleus, a
pattern similar to the one observed with GFP alone. The
AtDFB-GFP fusion protein colocalized with the red autofluo-
rescence of chlorophyll (Fig. 4B), a situation that is identical to
that obtained with GFP fused to the transit peptide of the
Rubisco small subunit. This result demonstrates that FPGS B
contains a functional plastid-targeting presequence. The stain-
ing pattern obtained for GFP fused with either AtDFA or -C was
consistent with a mitochondrial localization of these proteins

(Fig. 4 A and C). Indeed, similar patterns were observed with a
fusion between GFP and the mitochondrial transit peptide of
HPPK-DHPS, and the green fluorescence of the AtDFA and -C
fusion proteins colocalized with the mitochondrial probe Mito-
Tracker Orange. This result confirmed that DHFS and the
isoform C of FPGS are mitochondrial proteins in Arabidopsis.

Discussion
Plants have the ability to synthesize H4F-Glun de novo from the
dihydropterin, para aminobenzoic acid, and glutamate precur-
sors through the sequential operation of five enzymes, including
DHFS and FPGS (Fig. 5). In pea leaf, Neuburger et al. (7)
measured the five activities only in the mitochondria, suggesting
that these organelles play a major role in H4F-Glun synthesis.
Other biochemical and genetic studies supported the mitochon-
drial localization of HPPK-DHPS (26), DHFS (15), and dihy-
drofolate reductase-thymidylate synthase (DHFR-TS; ref. 7).
Also, the presence of DHFR-TS in the plastids (31) and FPGS
in the cytosol (16) have been reported.

In this study, a genomic-based approach allowed us to clone
a cDNA coding DHFS in Arabidopsis. The subcellular localiza-
tion of DHFS in the mitochondria and the estimated molecular
mass of the mature protein (53 kDa) corroborate previous data
concerning the plant enzyme (7, 15). Also, this result definitely
demonstrates that the first three reactions of H4F-Glun synthesis
catalyzed by the bifunctional HPPK-DHPS (26) and DHFS are
present only in the mitochondria (Fig. 5). Three cDNAs coding
FPGS isoforms were also characterized, thus providing new
insights into the subcellular compartmentation of folate biosyn-
thesis in the plant cell. The plant proteins resemble FPGS from
other organisms in having an N-terminal domain involved in

Fig. 4. Expression of DHFS and FPGS isoforms fused to GFP in Arabidopsis
protoplasts. Constructs encoding fusion proteins between mGFP4 and the N
terminus of DHFS and FPGS isoforms were introduced into Arabidopsis pro-
toplasts as described under Materials and Methods. GFP (green pseudocolor),
chlorophyll (red pseudocolor), and MitoTracker (yellow pseudocolor) fluores-
cence was observed by confocal laser scanning microscopy. A–D correspond to
GFP fused to AtDFA, -B, -C, and -D, respectively. In D only the central cell is
transformed. Optical sections are 0.6 �m thick.

Fig. 5. Proposed model for the compartmentation of tetrahydrofolate
synthesis and C1-tetrahydrofolate interconversion in the plant cell. Tetrahy-
drofolate-synthesizing enzymes are 1, dihydropterin pyrophosphokinase; 2,
dihydropteroate synthase; 3, DHFS; 4, dihydrofolate reductase–thymidylate
synthase; and 5, FPGS. Enzymes involved in the interconversion of H4F coen-
zymes are 6, serine hydroxymethyltransferase; 7, glycine decarboxylase; 8,
methylene H4F dehydrogenase�methenyl H4F cyclohydrolase; 9, methylene
H4F reductase; and 10, 5-formyl H4F cycloligase. Enzymes 1, 2, 3, 7, and 10 (S.
Roje and A. D. Hanson, unpublished data) are exclusively mitochondrial,
whereas enzyme 9 is found only in the cytosol. The occurrence of reaction 4 in
the cytosol is predicted from DNA sequence data. The compartmentation of
the enzymes involved in the synthesis of C1-metabolism end products is
discussed in ref. 30. H2Pterin(PPi), dihydropterin(pyrophosphate); H2Pteroate,
dihydropteroate; H2F-Glu1, dihydrofolate monoglutamate.
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ATP and Mg2� binding (catalytic site), and a C-terminal region
dedicated to the binding of the folate substrate (29). However,
there is a marked difference among plants, mammals, and fungi
regarding the organization of the genes coding FPGS. In mamma-
lian cells, a single gene encodes both the cytosolic and mitochon-
drial isoforms of the enzyme by the use of alternate transcription
and translation starts (17). A similar situation has been proposed for
the met6 gene encoding FPGS in N. crassa (32). In S. cerevisiae, the
existence of a mitochondrial isoform of FPGS resulting from an
alternate translation start is still controversial (9, 10). In Arabidopsis,
FPGS isoforms are encoded by separate genes (Table 2), thus
suggesting that the expression of each protein may be controlled
separately through the interaction of transcriptional regulatory
elements to the corresponding promoter regions.

The most important finding from our studies of plant FPGSs
concerns their cellular distribution. Western blot analyses and
expression of GFP-fusion proteins in vivo have demonstrated for
the first time that each compartment of the plant cell containing
�-glutamyl-conjugated H4F derivatives possesses one isoform of
the enzyme responsible for the extension of the glutamate side
chain of folate coenzymes. First, the localization of one FPGS
isoform in the mitochondria fits well with the biochemical data
reported by Neuburger et al. (7), confirming that the mitochon-
drial compartment is the only one that contains the complete set
of enzymes required for de novo synthesis of H4F-Glun (Fig. 5).
On the other hand, the multicellular compartmentation of FPGS
in the plant cell is in agreement with the presence of folate-
dependent reactions in the cytosol, the mitochondria, and the
chloroplasts (Fig. 5). Serine hydroxymethyltransferase, the en-
zyme catalyzing the conversion of serine to glycine with the
concomitant formation of 5,10-CH2-H4F from unsubstituted
H4F, is found in these three compartments (33) and exhibits a
marked preference for polyglutamate coenzymes (6). Also, the
mitochondria, the cytosol, and the chloroplast each contain a
parallel set of enzymes catalyzing the interconversion of 5,10-
CH2-, 5,10-CH�-, and 10-CHO-substituted folate coenzymes (7,
34). Thus, the occurrence of FPGS isoforms in the three main
compartments of the plant cell matches with the predominance
of glutamyl-conjugated H4F derivatives and the presence of

serine hydroxymethyltransferase and C1-interconverting en-
zymes in the cytosol, the mitochondria, and the plastids. Because
serine is the principle source of C1 units in the plant cell (35),
the combination of these folate-mediated reactions can supply
each compartment with the polyglutamylated C1-substituted
H4F coenzymes required for their nucleotides and formylme-
thionyl-tRNA synthesis (Fig. 5).

The complex compartmentation of folate-mediated reactions in
the plant cell implies the transport of H4F species between the
organelles via the cytosol. In mammalian cells, the traffic of folates
first involves the uptake of the monoglutamate species found in the
blood. Once internalized, folates are either converted to polyglu-
tamate forms to promote their retention in the cytosol or trans-
ported to the mitochondria where they are polyglutamylated to
minimize their diffusion out of the organelle. The transport systems
involved in the cellular uptake (36) and the translocation of folates
from the cytosol to the mitochondria (37) have been characterized
in mammals. Nothing is known concerning the traffic of folate
coenzymes in the plant cell. The presence of FPGS isoforms in the
cytosol and the chloroplast strongly suggests that monoglutamate
folates, which are initially synthesized in the mitochondria, are the
transported forms. Indeed, the presence of a glutamate tail mark-
edly increases the anionic nature of folate coenzymes, thus impair-
ing their diffusion through hydrophobic barriers (4). The reduction
status of the transported form(s) of folate has to be established.
Mitochondria from rat liver have the ability to import oxidized
(folate, dihydrofolate) or reduced (5-CHO- and 5-CH3-H4F) spe-
cies from the cytosol (38, 39). In plants, the traffic of oxidized folates
would imply the presence of dihydrofolate reductase-thymidylate
synthase (DHFR-TS) isoenzymes in the cytosol and the chloro-
plasts to reduce dihydro- to tetrahydrofolate before the addition of
glutamate residues by FPGS. The presence of a DHFR-TS in the
plastids has been suggested by immunological techniques (31),
whereas the existence of a cytosolic isoform is supported only by
DNA sequence data. The intracellular transport of reduced folates
is also questionable because of their sensitivity to oxidative degra-
dation (40).

We thank Drs. M. Block and J. Bourguignon for their expertise in the
purification of organelles.
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