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In plants, a proposed ascorbate (vitamin C) biosynthesis pathway
occurs via GDP-D-mannose (GDP-D-Man), GDP-L-galactose (GDP-
L-Gal), and L-galactose. However, the steps involved in the synthesis
of L-Gal fromGDP-L-Gal in planta are not fully characterized. Here
we present evidence for an in vivo role for L-Gal-1-P phosphatase in
plant ascorbate biosynthesis. We have characterized a low ascor-
bate mutant (vtc4-1) of Arabidopsis thaliana, which exhibits
decreased ascorbate biosynthesis. Geneticmapping and sequencing
of the VTC4 locus identified a mutation (P92L) in a gene with pre-
dicted L-Gal-1-Pphosphatase activity (At3g02870). Pro-92 iswithin
a�-bulge that is conserved in relatedmyo-inositolmonophosphata-
ses. Themutation is predicted to disrupt the positioning of catalytic
amino acid residues within the active site. Accordingly, L-Gal-1-P
phosphatase activity in vtc4-1 was �50% of wild-type plants. In
addition, vtc4-1 plants incorporate significantly more radiolabel
from [2-3H]Man into L-galactosyl residues suggesting that the
mutation increases the availability of GDP-L-Gal for polysaccharide
synthesis. Finally, a homozygous T-DNA insertion line, which lacks
a functional At3g02870 gene product, is also ascorbate-deficient
(50% of wild type) and deficient in L-Gal-1-P phosphatase activity.
Genetic complementation tests revealed that the insertion mutant
and VTC4-1 are alleles of the same genetic locus. The significantly
lower ascorbate and perturbed L-Gal metabolism in vtc4-1 and the
T-DNA insertionmutant indicate that L-Gal-1-P phosphatase plays
a role in plant ascorbate biosynthesis. The presence of ascorbate in
the T-DNA insertion mutant suggests there is a bypass to this
enzyme or that other pathways also contribute to ascorbate
biosynthesis.

L-Ascorbic acid (vitamin C) has been the subject of much research
from the time it was first identified as the anti-scorbutic factor (1, 2). It
is used as a cofactor by a number of enzymes (3), but it is perhaps better
known for its role as an antioxidant.Many different organismsmake use

of ascorbate to detoxify the variety of reactive oxygen species (ROS5;
1O2, O2

. , H2O2, and HO�) that are generated as a result of an aerobic
life-style. One electron can be donated from ascorbate, forming mono-
dehydroascorbate (ascorbate-free radical), whereas donation of a sec-
ond electron results in production of the fully oxidized dehydroascor-
bate (4). Both plants and animals possess monodehydroascorbate and
dehydroascorbate reductases to recycle the oxidized forms back to
ascorbate (5).
Ascorbate is highly abundant in plant tissues, with concentrations in

the 1–20 mM range, and not surprisingly has a major function in the
maintenance of ROS homeostasis. ROS are formed as by-products of a
variety of physiological processes, including the �-oxidation of fatty
acids, photosynthesis, and photorespiration. The role of ascorbate in the
detoxification of ROS generated by both abiotic and biotic environmen-
tal conditions (e.g. chilling, high light, drought, NaCl, heat, heavymetals,
air pollutants, and pathogens) has been well studied for a number of
years and is the subject of several recent reviews (6). Inherent within the
role of ascorbate in the maintenance of ROS homeostasis is its probable
role in ROS-mediated signaling (7, 8). In short, ascorbate contributes
largely to both the removal of excess damaging ROS and the control of
physiologically active levels of ROS utilized in signaling networks.
Ascorbate-deficient Arabidopsis thalianamutants representing four

different loci have been described that are valuable tools in the under-
standing of the physiological roles of ascorbate. The first of these
mutants, vtc1-1 (vitamin c 1), was isolated in a screen for ozone-sensi-
tive mutants (7) and contains �25–30% of the wild-type (WT) level of
ascorbate. In addition to its sensitivity to ozone, this mutant has
enhanced sensitivity to sulfur dioxide and ultraviolet B radiation (7),
increased genome instability (9), and constitutively induced defense
proteins that correlate with increased levels of salicylic acid and resist-
ance to virulent strains of both Pseudomonas syringae and Peronospora
parasitica (6). The vtc1-1 mutant has altered expression of 171 tran-
scripts, including those of several defense genes and genes involved in
hormone signaling (10). It also exhibits signs of premature senescence,
both visually and at themolecular level, which has led to the idea that the
pathogen resistance of this mutant may be age-related (6). The second
ascorbate-deficient complementation group, vtc2, was isolated in a
nitro blue tetrazolium-based screen (11). The mutant vtc2-2 has been
utilized to better understand the role of ascorbate in both violaxanthin
de-epoxidase activity in vivo (12) and in acclimation of photosynthesis
to high light (13). The VTC2 gene has been cloned but its function is as
yet unknown (14). The ascorbate-deficient mutants vtc3–1 and vtc4-1
were also isolated in the above-mentioned nitro blue tetrazolium-based
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screen and at 2 weeks of age were found to contain less than 50% ofWT
levels of ascorbate (11).
In addition to the utility of vtc1-1 mutant as an aid in the functional

analysis of ascorbate, it has also proven invaluable as a genetic tool in the
study of ascorbic acid biosynthesis in plants. In 1998, a novel plant
ascorbic acid biosynthetic pathway was proposed in which L-Gal is oxi-
dized sequentially to L-galactono-1,4-lactone and ascorbate (15, 16)
(Fig. 1). The newly proposed pathway resolved a puzzle regarding the
source of substrate for the previously well characterized plant L-galac-
tono-1,4-lactone dehydrogenase (15). Radiolabeling studies showed
that L-Gal is derived fromGDP-Man (15). Functional in planta evidence
for this pathway was provided by the VTC1 gene, which encodes GDP-
Man pyrophosphorylase and forms GDP-Man from Man-1-P (Fig. 1)
(17). The vtc1-1 mutant has a point mutation in this gene, lowered
activity of this enzyme, and is ascorbate-deficient. In addition to the
GDP-Man pyrophosphorylase gene, the genes encoding GDP-Man
3�,5�-epimerase, L-galactono-1,4-lactone dehydrogenase, and the L-Gal
dehydrogenase have also been identified (18–20). GDP-Man 3�,5�-epi-
merase converts GDP-Man toGDP-L-Gal, which is then proposed to be
broken down in two steps to L-Gal (Fig. 1, steps 3 and 4). Additionally, it
has been shown that GDP-L-gulose is also produced as a result of GDP-
Man 3�,5�-epimerase activity and could be converted to ascorbate via
L-gulonolactone (Fig. 1) (21). Reduction of L-Gal dehydrogenase and
L-galactono-1,4-lactone dehydrogenase activities in planta (via anti-
sense suppression) leads to reduced levels of ascorbate (18, 22).
Recently, a gene encoding an enzymewith L-Gal-1-P phosphatase activ-
ity was identified in kiwi fruit and A. thaliana (23). This enzyme is
predicted to take part in ascorbate biosynthesis (Fig. 1, step 4). As
described below, we have found that the ascorbate-deficientA. thaliana

vtc4-1mutant harbors a defect in the same L-Gal-1-P phosphatase gene,
providing genetic evidence for the role of this enzyme in plant ascorbate
biosynthesis.

EXPERIMENTAL PROCEDURES

Measurement of Ascorbate Content—Acidic extracts were prepared
fromwhole rosettes of 3-week-old vtc4-1 (backcross 2 generation; BC2)
and WT ecotype Columbia-0 for the assay of the total and reduced
ascorbate as described previously (7, 24). At least three whole rosettes
were used in each extract, and the average ascorbate (total and reduced)
content from five extracts/genotype was determined. The plants used
for these assays were grownwith a 16-h photoperiod undermetal halide
bulbs in a commercial soil-less mix (Promix BX; Premier Horticulture
Inc., Quakertown, PA). For the assay of total ascorbate in WT, vtc4-1
BC2, insertion line KO-1, insertion line KO-2, F1 (vtc4-1 � KO-1), F1
(vtc4-1 � KO-2), expanded leaves from at least three different 2-week-
old rosettes were utilized for each extract, and the average total ascor-
bate was determined from three extracts/genotype. The plants used for
these assays were grown in an environmental growth chamber (Percival
AR36L3) under a 24-h photoperiod at 21 °C with 70% relative humidity
under fluorescent bulbs at 150 �mol s�1 m�2 photosynthetic photon
flux density.

Fine-scaleGeneticMapping of theVTC4Locus—TheVTC4 locuswas
found to be located�2-centimorgan centromeres distal frommicrosat-
ellite marker nga172 as described previously (11). A population of 1772
F2 individuals derived from a cross between VTC4/VTC4 (Landsberg
erecta ecotype) and vtc4-1/vtc4-1 (Columbia-0 ecotype) was utilized in
the fine-scale genetic mapping. The VTC4-specific genotype of each
recombinant was verified in the F3 generation. The insertion/deletion
marker (12/�12; CER469590; Cereon Arabidopsis Polymorphism Col-
lection, see Ref. 14) that defined the closest centromere distal break-
point was amplified using the following primers: 5�-ACAACAATGGC-
GATCA-3� and 5�-CATCCTCTGGTAAAGACAC-3�. This marker is
located at �70 kb on BAC F13E7. The three tightly linked single nucle-
otide polymorphismmarkers that defined the closest centromere prox-
imal recombination breakpoint (CER467138-140; Cereon Arabidopsis
Polymorphism Collection, see Ref. 14) were amplified and sequenced
using the following primers: 5�-ACGCGACAGCTTTCCCATTT-3� and
5�-GGCTTGCGTGAGTGTATTCTTTCT-3�. These tightly linked single
nucleotide polymorphisms are located at �26 kb on BAC F13E7. All
amplifications in this study were performed using a PCRExpress ther-
mocycler (ThermoElectron Corp., Waltham, MA) unless stated
otherwise.

Sequencing of the VTC4 Locus—Total DNA was isolated from vtc4-1
(BC2) and Columbia-0 WT using a cetyltrimethylammonium bromide
mini-prep method as described previously (25). The VTC4 locus was
amplified from these DNAs using two PCR primer pairs (Sigma Geno-
sys, The Woodlands, TX) that together amplified the VTC4 candidate
gene (At3g02870). One set of primers (F, 5�-CGTTGGGACTGGC-
TGTATC-3�; R, 5�-AAACAACTCCAACAACAGGG-3�) amplified a
2036-bp product, including 1193 bp upstream of the ATG start codon.
A second set of primers (F, 5�-CCAATTTCGTTCACGGGTAT-3�; R,
5�-GGACAACAGTCACCGTGAGA-3�) amplified a 1749-bp overlap-
ping product that included 488 bp 3� of the stop codon. Sequencing
primers nested within these two products (and in some cases, single
PCR primers) were used to obtain genomic sequence from vtc4-1 that
spanned from715 bases upstreamof the putative 5�-transcript terminus
to 192 bp downstream of the putative 3�-transcript terminus (Biotech-
nology Resource Center, Cornell University, Ithaca, NY). Both strands
of vtc4-1 DNA were sequenced in the region of the mutation. One

FIGURE 1. The D-Man/L-Gal pathway for L-ascorbic acid biosynthesis in plants (15). In
this pathway, the carbon skeleton from D-Man-1-P (synthesized from D-Glc-1-P via D-Fru-
6-P) is converted through a series of intermediates, including L-Gal and L-galactono-1,4-
lactone to L-ascorbic acid. Enzymes that catalyze the conversions are as follows: step 1,
GDP-D-Man pyrophosphorylase (A. thaliana VTC1/At2g39770; see Ref. 17); step 2, GDP-D-
Man-3,5-epimerase (19, 21); step 3, GDP-L-Gal breakdown enzyme; and step 4, L-Gal-1-P
phosphatase (A. thaliana VTC4/At3g02870; see Ref. 23). Its function in ascorbate synthe-
sis as described in this paper is as follows: step 5, L-Gal dehydrogenase (18); step 6, L-ga-
lactono-1,4-lactone (L-GalL) dehydrogenase (located in mitochondrial electron transport
complex I; see Ref. 52); step 7, these steps are not characterized but could utilize enzymes
3–5; and step 8, L-gulonolactone oxidase/dehydrogenase. Activity exists in plants but is
not fully characterized (21, 53); step 9, GDP-D-mannose-4,6-dehydratase (A. thaliana
MUR1; see Ref. 42); step 10, GDP-4-keto-6-deoxy-D-mannose 3,5-epimerase-4-reductase
(A. thaliana GER1; see Ref. 39).

Ascorbate Synthesis in Plants via L-Gal-1-P Phosphatase

JUNE 9, 2006 • VOLUME 281 • NUMBER 23 JOURNAL OF BIOLOGICAL CHEMISTRY 15663



strand of WT Columbia-0 DNA was sequenced in this same region to
verify the published WT genomic sequence.

Identification of Homozygous Insertion Mutant at the VTC4 Lo-
cus—Segregating T3 generation seed for the SAIL_8443_G10 sequence
indexed insertion line (26)was obtained from theArabidopsis Biological
Resource Center. Total DNA was isolated from 16 individual plants as
described above. TheVTC4 locus was amplified from theseDNAs using
the second set of (flanking) primers described above. Those individual
lines that did not yield a PCR product with these VTC4 WT allele-
specific primers were then each amplified in a series of two separate
PCRs using the insertion primer LB1 (5�-GCCTTTTCAGAAATG-
GATAAATAGCC TTGCTTCC-3�) and either the F or R flanking
primers. Five homozygous insertion individuals and six heterozygous
individuals were identified using this series of amplification reactions.
To confirm the site of the insertion, the �1.5-kb PCR product obtained
from amplification of line 11 with LB1 and the VTC4 R flanking primer
was gel-purified and sequenced as above using the LB1 insertion-spe-
cific primer as the sequencing primer.
To confirm the genotypes of the F1 (vtc4-1 � KO-1) and F1 (vtc4-1 �

KO-2) individuals, DNA was extracted from at least five F1 plants
derived from each cross as described above and genotyped by PCR in
two separate reactions/genotype (along withWT, vtc4-1, KO-1 T4, and
KO-2 T4DNAs as controls) using theVTC4 flanking F and R primers in
one reaction (noninsertion allele specific product) and the VTC4 R and
LB1 primers in a second reaction (insertion allele-specific product).

RNA Extraction and RT-PCR—For the semi-quantitative assay of
transcript levels in vtc4-1 in comparison withWT, the following proto-
col was utilized. Total RNA was isolated from Arabidopsis leaves col-
lected just prior to flowering using an RNeasy plant RNA kit (Qiagen,
Crawley, UK) and treated with DNase (Qiagen, Crawley, UK) according
to the manufacturer’s instructions. Synthesis of cDNA was carried out,
using 5 �g of total RNA as template, with random primers (RETRO-
script, Ambion,Huntingdon,UK) and Superscript II (Invitrogen). Semi-
quantitative PCR, using the cDNA as template, was performed using an
18S Competimer system (Ambion, Huntingdon, UK) according to the
manufacturer’s instructions. Primers used in the PCR were 5�-
GGAAAGGAGCATTCTTGAATGG-3� and 5�-CAACGCCTCAGC-
GAATAAC-3� and the cycling parameters consisted of 2 cycles (96 °C 1
min, 50 °C 30 s, and 72 °C 1min) followed by 32 cycles (92 °C 25 s, 54 °C
30 s, and 72 °C 1 min) and a 10-min extension at 72 °C.
For the assay of the presence/absence of transcript inWT, versus the

insertion lines KO-1 and KO-2, total RNA was isolated from 100 mg of
Arabidopsis leaves collected from plants 20 days of age that were grown
in an environmental growth chamber (Percival AR36L3) under the
same conditions as the plants utilized for the total ascorbate assays
described above. The RNAwas isolated using the RNeasy plant mini kit
(Qiagen, Crawley, UK). Synthesis of cDNAwas carried out using 1�g of
total RNA as the template, with the VTC4RTR 5�-CAACGCCTCAGC-
GAATAAC-3�, the UBQ10R 5�-CGACTTGTCATTAGAAAGAAA-
GAGATAACAGC-3�, and ferredoxin-nitrite reductase R 5�-CCACG-
GATCTGCCAATTCTGT-3� gene-specific primers and Moloney
murine leukemia virus RT (Promega Corp., Madison, WI). Nonquanti-
tative PCRs were then performed using the above cDNAs as templates
and the following primers in addition to the reverse primers listed
above: VTC4RTF 5�-GGAAAGGAGCATTCTTGAATGG-3, UBQ10F
5�, UBQF 5�-GATCTTTGCCGGAAAACAATTGGAGGATGG-3�, and
ferredoxin-nitrite reductase F 5�-TCCGGTTCCACCTGCCAACA-3�.
Cycling parameters consisted of 1 cycle (95 °C 3min) followed by 40 cycles
(94 °C 20 s, 54 °C (VTC4RTF/R and ferredoxin-nitrate reductase F/R) or
58 °C (UBQFR) 20 s, 72 °C 1min) and a 5-min extension at 72 °C.

Ascorbate Biosynthesis from [U-14C]Man and [1-14C]Ascorbate
Metabolism—D-[U-14C]Man (1 �Ci per sample, specific activity 290
mCi mmol�1; Amersham Biosciences) or [1-14C]ascorbate (27) was
supplied via the petiole to whole excised Arabidopsis leaves from
6-week-old plants. Following radiolabel uptake (1 h), leaves were illumi-
nated (60–70 �mol m�2 s�1 photosynthetic photon flux density) in
sealed Perspex boxes for 4 h. Leaves were rinsed thoroughly prior to
perchloric acid extraction and determination of incorporation of
[14C]ascorbate and other fractions as described previously (24). Briefly,
leaf tissue was ground in liquid nitrogen, homogenized in 1 ml of 5%
perchloric acid, 1 mM EDTA, and centrifuged (12,000 � g, 2 min, 4 °C).
The supernatant was neutralized by the addition of 60 �l of 5 M potas-
sium carbonate and centrifuged again (12,000 � g, 2 min, 4 °C). The
ascorbate concentration in the resultant supernatantwas determined by
the ascorbate oxidase method (24), prior to ion exchange fractionation.
This allowed determination of the recovery of ascorbate after ion
exchange and HPLC separation. The resultant supernatant was mixed
with an equal volume of 10% dithiothreitol (DTT) and fractionated by
ion exchange chromatography (SAX column, HPLC Technology,
Macclesfield, UK). Ascorbate was eluted from the column with 60 mM

formic acid. The eluent was immediately frozen in liquid nitrogen and
lyophilized. Samples were reconstituted in 6mM formic acid and loaded
onto a Rezex ROA HPLC column (Phenomenex, Macclesfield, UK)
using amobile phase of 0.75mM sulfuric acid (0.5 mlmin�1). Ascorbate
was detected byUV absorbance at 260 nm. The identity of the ascorbate
peak was confirmed in preliminary experiments by treatment of the
samples with ascorbate oxidase. This removed the peak detected by
HPLC at 260 and 210 nm. Radioactivity in the eluent fractions corre-
sponding to ascorbate was determined by liquid scintillation counting.
The rate of turnover of ascorbate was calculated from [1-14C]ascorbate
metabolism as described previously (27).

Incorporation of D-[2-3H]Man into Polysaccharides—D-[2-3H]Man
(2–5 �Ci, specific activity 10–20 Ci/mmol) (Amersham Biosciences)
was supplied to small expanding leaves from young Arabidopsis plants
(2–3 weeks old) via their petioles. Following uptake of the radiolabel (2
h), leaves were illuminated (60–70 �mol m�2 s�1 photosynthetic pho-
ton flux density) in sealed Perspex boxes for 4 h. Samples were then
rinsed thoroughly prior to homogenization in ice-cold 80% ethanol.
Insoluble material was collected by centrifugation (12,000 � g, 2 min)
and washed three times with 80% ethanol. Polysaccharides and oligo-
saccharides associated with glycoproteins in this material were hydro-
lyzed by incubation with 2 M trifluoroacetic acid at 110 °C for 1 h (28).
Nonhydrolyzed material was removed by centrifugation (12,000 � g, 2
min), and trifluoroacetic acid was removed from the supernatant by
evaporation. Monosaccharides were separated by TLC (29). Separation
was performed by an acetone/butanol/water solvent (8:1:1 v/v) on silica
gel TLC plates (Whatman) pre-soaked in 0.3 M sodium dihydrogen
orthophosphate and then dried. The radioactivity was detected by a
Berthold LB2832 Linear Analyser (Wildbad, Germany). Radioactive
peaks were identified by co-chromatography with authentic standards.
D-Gal was removed by treatment with D-Gal dehydrogenase (from
Pseudomonas fluorescens, Sigma). The reaction mixture contained 0.1
unit of D-Gal dehydrogenase and a 10-�l sample in 175 �l of 50 mM

Tris-HCl, pH 8.6, containing 7 mM NAD� and was incubated for 16 h.
Samples were then deionized by ion exchange chromatography to facil-
itate TLC analysis. This technique fully resolves L-Fuc, L-Gal, and
D-Man, but L-Gul is not resolved from D-Man.

Assay of L-Gal-1-P Phosphatase—Rosette leaves from plants just
prior to flowering, grownunder a 16-h light period at 150mmol s�1m�2

photosynthetic photon flux density (20 °C during light period, 15 °C
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during dark period), were homogenized in 50mMHepes, pH 7.5, 10mM

MgCl2, 2 mM DTT, 1 mM aminocaproic acid, 1 mM benzamidine, 1 mM

phenylmethylsulfonyl fluoride (5 g of tissue, 10ml of extract). Duplicate
extracts were made for each experiment, and the experiments were
repeated on two occasions with identical results. Tissue debris was fil-
tered off, and the homogenate was centrifuged at 20,000 � g for 20 min
at 4 °C. Ammonium sulfate was added to the supernatant to 40% satu-
ration, and precipitated protein was pelleted by centrifugation as before
for 30 min. The supernatant was collected and ammonium sulfate
added to give 60% saturation. After centrifugation, the pelleted protein
was recovered. This was dissolved in 25 mM Tris-HCl, pH 7.5, contain-
ing 1mMDTT. L-Gal-1-P phosphatase activity was determined by incu-
bating a 10-�l sample with 80 �l of 50 mMTris-HCl, pH 7.5, containing
0.1 mM L-Gal-1-P and 3 mM MgCl2 for 1 h. The reaction mixture was
then boiled for 2 min and centrifuged at 12,000 � g for 2 min. L-Fucose
(L-Fuc; 0.05 mM final concentration) was added as an internal standard.
The sugars in 20�l of this sample were separated and quantified using a
Dionex DX600 LCwith a CarboPac PA-10 column and electrochemical
detection. The mobile phase was 18 mM NaOH at 1 ml min�1, and the
column was washed with 200 mM NaOH between samples. The ED50
electrochemical detector was equipped with a gold electrode and was
operated in pulsed amperometric mode specific for sugars (waveform:
0 s at�0.05 V, 0.2 s at 0.05 V (integration on) 0.4 s at 0.05 V (integration
off) 0.41 s at 0.075 V, 0.6 s at 0.75 V, 0.61 s at�0.15 V, 1.00 s at�0.15 V).
The L-Gal-1-P was a gift from J. Thiem (University of Hamburg,
Germany).

RESULTS

Decreased Ascorbate Synthesis from Man in vtc4—As described pre-
viously (11), the A. thalianamutant vtc4-1 (vitamin C 4) was isolated in
a nitro blue tetrazolium-based screen for ascorbic acid-deficient ethane
methyl sulfonate-generated mutants of the Columbia-0 ecotype. VTC4
is one of fourVTC loci identified by this screen (6). At 3weeks of age, the
homozygous vtc4-1mutant contains �42% of the total ascorbate found
inWT plants (Fig. 2A). Although deficient in total ascorbate, the redox
status of vtc4-1 (the ratio of total to reduced ascorbate) does not signif-
icantly differ from that of WT (Fig. 2B). Both genotypes maintain a
highly reduced pool of ascorbate (�88% forWT and � 85% for vtc4-1).
Radiolabeling experiments were carried out to determine whether the

low ascorbate content of vtc4 is caused by slower biosynthesis via the
D-Man pathway or by faster catabolism. Leaves were labeled with
D-[14C]Man, extracted, and fractionated into soluble and insoluble
compounds and CO2. Ascorbate was separated by HPLC and its 14C
content determined. 30% less 14C was incorporated into ascorbate in
vtc1 compared withWT, whereas the distribution of label in other frac-
tions did not differ (Table 1). This compares closely to the 42% reduc-
tion in ascorbate content. Feeding [14C]ascorbate and determining the
transfer of 14C to other compounds estimated ascorbate turnover (27).
The turnover of ascorbate in vtc4-1 under these conditions was 0.63 �
0.06�mol 5 h�1 g�1 freshweight, comparedwith 0.72� 0.1�mol 5 h�1

g�1 freshweight inwild type. These results suggest that low ascorbate in
vtc4-1 is caused by a slower rate of biosynthesis from D-Man.

Genetic Evidence That VTC4 Encodes L-Gal-1-P Phosphatase and
That This Enzyme Is Involved in Ascorbate Biosynthesis—The VTC4
locus was initially mapped to the top of chromosome III, �2-centimor-
gan centromeres distal from the microsatellite marker nga172 (Fig. 3A)
(11), which is located at 6.91 centimorgans. By using a mapping popu-
lation of 1772 F2 individuals derived froma cross between vtc4-1 and the

FIGURE 3. Fine-scale genetic mapping narrowed the site of the VTC4 locus and
sequencing of the candidate L-Gal-1-P phosphorylase gene and led to the identifi-
cation of a point mutation in the ascorbate-deficient vtc4-1 mutant. A, using a poly-
morphic F2 mapping population (from VTC4/VTC4 in Ler ecotype � vtc4-1/vtc4-1 in Col-0
ecotype), the VTC4 locus was genetically mapped near the top of chromosome 3 to a
region �2-centimorgan centromeres distal from the microsatellite marker nga172 (11).
The arrow represents the locale of the centromere relative to this region. B, fine-scale
mapping with the use of 1772 F2 individuals narrowed the VTC4 locus to a genomic
region residing on BAC F13E7 between the single nucleotide polymorphisms
CER469590 and CER467138-140. This region contained 12 candidate genes as annotated
by the Arabidopsis Genome Project. These candidate genes are represented by rectan-
gles. C, the structure of candidate gene At3g02870, an enzyme with in vitro L-Gal-1-P
phosphorylase activity, is shown. Filled rectangles represent exons, and open rectangles
represent the 5�- and 3�-untranslated regions. D, the cytosine at nucleotide �275 rela-
tive to the initiation ATG of At3g02870 in WT and the thymidine transition mutation in
the ethane methyl sulfonate-generated vtc4-1 mutant.

TABLE 1
Ascorbic acid biosynthesis from D-�U-14C	mannose in the vtc4-1
mutant
The distribution of radioactivity in whole Arabidopsis leaves supplied D-�U-
14C	mannose via the petiole for 1 h in the light. Leaves were enclosed in Perspex
boxes and incubated for a further 4 h in the light prior to extraction and fraction-
ation. Radioactivity in ascorbic acid was measured after ion exchange chromatog-
raphy and HPLC separation of the soluble fraction and was adjusted for recovery.
Standard errors are shown (n 
 3).

Fraction Wild type vtc4-1
% total

Ethanol-insoluble 19.7 � 0.7 18.0 � 4.4
Soluble 78.3 � 0.9 77.8 � 4.8
CO2 2.0 � 0.2 4.1 � 0.7
Ascorbic acid 19.0 � 2.0 13.5 � 2.0

FIGURE 2. The Arabidopsis mutant vtc4-1 is deficient in total ascorbate, whereas the
redox status of ascorbate in this mutant is unaffected. A, total ascorbate concentra-
tion in 3-week-old WT and vtc4-1 plants. The values represent the means of five replicate
assays (error bars represent the S.D.), and each replicate sample included rosettes from at
least three individuals. B, the ratio of reduced to total ascorbate in 3-week-old WT and
vtc4-1 plants. Reduced ascorbate in each of the above-mentioned samples was assayed
by the ascorbate oxidase assay with the omission of DTT. Oxidized ascorbate was
obtained by subtraction.
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wild-type Ler ecotype, the VTC4 locus was narrowed genetically to the
region between insertion/deletion CER469590 (70,345–70,358 bp) on
BAC F13E7 and single nucleotide polymorphism CER467138-140
(26,032–26,203 bp) on the �100-kb BAC F13E7 (Fig. 3B). The centro-
mere distal recombination breakpoint was defined by two recombi-
nants, whereas the centromere proximal breakpoint was defined by
three recombinants. This region spans �44 kb and contains 12 candi-
date genes (Fig. 3C).
One of the 12 candidateVTC4 genes (At3g02870) has been annotated

as encoding a myo-inositol monophosphatase-like protein (TAIR; see
Ref. 30). However, Laing et al. (23) recently published evidence demon-
strating that this gene (and its homologue in kiwi fruit) encodes an
enzyme with L-Gal-1-P phosphatase activity in vitro and upon expres-
sion in Escherichia coli. As L-Gal-1-P phosphatase is predicted to play a
role in the D-Man/L-Gal ascorbic acid biosynthetic pathway (15, 23)
catalyzing the conversion of L-Gal-1-P to L-Gal (Fig. 1), we sequenced
At3g02870 in vtc4-1. Indeed, vtc4-1 harbors a cytosine to thymine point
mutation within exon 5 at nucleotide �275 relative to the first nucleo-
tide of the predicted methionine start codon (Fig. 3D). As this mutant
was generated by ethane methyl sulfonate, a C/G to T/A transition
mutation was not unexpected. The transcript abundance of the L-Gal-
1-P phosphatasemRNA in vtc4-1 andWT leaves, just prior to flowering,
was determined with RT-PCR. The abundance of L-Gal-1-P phospha-
tase-specific mRNA is quite low in both genotypes but is not signifi-
cantly lower in the mutant (data not shown).
The predictedVTC4 (At3g02870) gene product belongs to a group of

polypeptides with a conserved domain defined by the HomoloGene
system of the NCBI (cd01639). This conserved domain group includes
primarily members of the inositol monophosphatase (IMPase) family of
genes. IMPases function as homodimers.Many of thesemembers utilize
inositol monophosphate as a substrate, but some have phosphatase
activity toward other substrates such as fructose 1,6-bisphosphate (31).
The cd01639 group all encode either predicted or experimentally con-
firmed Mg2�-dependent phosphatases that are inhibited by lithium.
The L-Gal-1-P phosphatase activity encoded byActinidia deliciosa, and
theArabidopsis enzyme encoded byAt3g020870, is completely depend-
ent in vitro on Mg2� for activity, and furthermore, the A. deliciosa
enzyme is inhibited strongly by lithium (23). A highly conserved domain
shared by this group is composed of six amino acids. An amino acid
alignment of the region containing this domain in representatives from
cd01639 is shown (Fig. 4). The VTC4 protein structure has been mod-
eled using the Swiss model homology model server (32) using the

known three-dimensional structures of several inositol phosphatase
enzymes, with which VTC4 shares 40–41% sequence identity (33–35).
The resultingmodel was comparedwith the structure of human inositol
phosphatase containing the substrate D-myo-inositol 1-phosphate (36)
(Protein Data Bank code 1IMB). Most structural features of substrate-
and metal-binding sites are conserved between the x-ray structure and
the VTC4model. The residue Pro-92 is located on a stretch of about 30
residues with high sequence conservation that spans through �-strands
�Dand�E and includes helix�3. The Pro-92 is involved in formation of
a �-bulge of the so-called “wide class” (37) at the C terminus of strand
�D. This structural feature allows the positioning of the side chains of
Asp-91 and Asp-94 andmain chain oxygen of Ile-93 to coordinatemag-
nesium ions required for the catalytic activity and side chain of Asp-94
in the vicinity of the scissile phosphoester bond. Such �-bulges are
usually structurally conserved throughout a protein family. The P92L
mutation in VTC4 will cause unfavorable steric clashes with residues
from the neighboring strand �C and helix �2, which are likely to cause
the distortion of the �-bulge. Provided the P92L mutant protein folds
correctly, the likely consequences of the mutation will be the displace-
ment of side chains of Asp-91 and Asp-94, which coordinate the metal
ions and are postulated to be important for the expulsion of the ester
oxygen (36). In addition, the side chain of Glu-71, which is postulated to
be activating the nucleophilicwater (36), is likely to be displaced because
of the steric clash of strand�Cwith the side chain of Leu-92. Disruption
of the �-bulge is likely to affect residues Gly-95 and Thr-96 of helix �3,
which are involved in the binding of the substrate phosphate group. To
summarize, the mutation of P92L in VTC4 is likely to affect positioning
of several key residues important for metal and substrate binding and
for catalytic activity within the enzyme active site. These changes are
therefore expected to significantly reduce the catalytic activity of the
VTC4 enzyme.
To confirm the predicted effect of the mutation on L-Gal-1-P phos-

phatase activity, phosphatase activity was measured in the 45–65% sat-
uration ammonium sulfate fraction ofWT and vtc4-1 leaf extracts. This
fraction is enriched in L-Gal-1-P phosphatase activity assayed at pH 7.5
(see below). In each of two replicate assays, the phosphatase activity
with the substrate L-Gal-1-P was reduced �2-fold in vtc4-1 (Fig. 5A).
The specificity of this difference was confirmed by comparing the phos-
phatase activity toward a variety of sugar phosphates. There was no

FIGURE 4. Alignment of the region containing a highly conserved domain (enclosed
by rectangle) of selected IMPase polypeptides within the IMPase family (Homolo-
Gene). Amino acid residues in capital letters are those shared with the consensus. Amino
acids whose side chains were recently shown to be ligands for Mg2� binding in the active
site of the Bos taurus IMPase (33) are underlined. The conserved proline residue (Pro-92)
whose codon is mutated to encode a leucine in vtc4 is in boldface type. B. taurus, P20456;
Homo sapiens, 2HHM_A; Xenopus laevis, P29219; Saccharomyces cerevisiae, AAB64472;
Caenorhabditis elegans, Q19420; E. coli, P22783; Synechocystis, P74158; A. thaliana
At1g31190, NP_564376; and A. thaliana At3g02870, NP_186936.

FIGURE 5. L-Gal-1-phosphate phosphatase activity is reduced in the vtc4-1 mutant.
Leaf extracts from plants just prior to flowering were fractionated by ammonium sulfate
precipitation (45– 60% saturation). The desalted sample was incubated with various
sugar phosphates. Released sugars were measured by LC-pulsed amperometric detec-
tion. A, comparison of phosphatase activity toward various sugar phosphates by WT
(open bars) and vtc4-1 (shaded bars) extracts. B, time course of L-Gal-1-P hydrolysis by WT
(open squares) and vtc4-1 (filled triangles) extracts.
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difference in the rate of hydrolysis of Glc-1-P, Glc-6-P, and Fru-6-P.
Man-1-P was hydrolyzed more rapidly by WT extracts; however, this
difference was much less marked than for L-Gal-1-P (Fig. 5B).

D-Mannose and L-GalactoseMetabolism Are Affected in vtc4-1—The
metabolism ofmannose in vtc4-1 andWT leaves was examined inmore
detail. As vtc4-1 is impaired in L-Gal-1-P phosphatase activity, we pre-
dicted that intermediates upstream of this block in the ascorbate bio-
synthetic pathway might accumulate. As both GDP-D-Man and GDP-L-
Gal are precursors for polysaccharides, we examined the incorporation of
D-mannose into polysaccharides inWT and vtc4-1 leaves. D-[2-3H]Man
was fed to intact leaves, and the monosaccharide residues released fol-
lowing trifluoroacetic acid hydrolysis of the 80% ethanol-insoluble frac-
tion (primarily cell wall) were determined by TLC. Radioactivity was
detected in L-Gal, D-Man, and L-Fuc. In two independent experiments,
the proportion of the radiolabel recovered in L-Gal residues from vtc4-1
leaves was greater than the recovery from wild type. 24 and 28% of total
hydrolyzable radioactivity was recovered as L-Gal from vtc4-1, com-
pared with recoveries of 11 and 12% from wild-type leaves (Fig. 6). It is
possible that other labeled sugars co-chromatograph with L-Gal, thus
invalidating this conclusion. However, several lines of evidence suggest
this possibility is unlikely. First, radiolabel appearing in L-Gal is derived
directly fromD-[2-3H]Man because the label is lost fromC-2 if D-Man is
first converted to Glc by a C-2 epimerization (38). Therefore, only sug-
ars derived directly from D-Man could be labeled. These include L-Gul,
which co-chromatographs with D-Man, and 4-keto-6-deoxy-D-man-
nose, which is an intermediate of GDP-L-Fuc synthesis (39) and will not
occur in polysaccharides. Second, Roberts (40), using a similar chro-
matographic technique, demonstrated that radiolabeled L-Gal residues
derived from D-Man in maize roots did not co-chromatograph with
detectable quantities of any other monosaccharide after multiple re-
crystallizations of the L-Gal methylphenylhydrazone derivative. Third,
other glycosyl residues found in plant polysaccharides (e.g. D-Glc, D-Gal,
xylose, arabinose, apiose, and rhamnose) are derived from UDP-Glc
(41) and will not be labeled. Any possible interfering labeled D-Gal was
specifically removed by treatment with D-Gal dehydrogenase.

Phenotype of Plants Homozygous for an Insertion Mutation in the
VTC4 Locus—To confirm that VTC4 
 At3g02870, we isolated and
analyzed an Arabidopsis line homozygous for an insertion allele of
At3g02870. A population of 16 individual plants of the sequence-in-
dexed SAIL_843_G10 line segregating for a predicted insertion in
At3g02870 was screened via PCR and At3g02870-specific primers to
identify individuals homozygous for the insertion allele. Five such lines
were identified. Two lines (KO-1 and KO-2) were used for further anal-
ysis (Fig. 7A). The site of the insertion was confirmed by sequencing to
reside within exon 7; therefore, this mutant allele is predicted to be null.
To determine whether the KO lines produced any VTC4 transcript,
RT-PCR was conducted using VTC4 gene-specific primers that span
exons 7 and 12. The PCR product from the VTC4 cDNA is expected to
be 382 bp. A set of control primers that span exon 1 and exon 2 of a
ferredoxin-nitrite reductase gene (At2g15620) are expected to amplify a
408-bp product from the corresponding cDNA. As seen in Fig. 7B,
RT-PCRusing theVTC4 gene-specific primers yielded the expected size
product from WT as well as vtc4-1 cDNAs, whereas no product of the
same size was amplified from cDNAs from the insertion lines KO-1 and
KO-2. There is a small amount of product in these insertion lines, but it
is slightly larger than that seen in WT and vtc4-1 and is most likely a
nonspecific amplification product. The control primers yielded the
expected size product from all the genotypes. Total ascorbatewas deter-
mined in 2-week-old insertion mutant lines KO-1 and KO-2 along with
WT and vtc4-1. As seen in Fig. 7C, both insertion mutant lines are
deficient in ascorbate, with a deficiency quite similar to that of vtc4-1
grown under the same conditions. Furthermore, L-Gal-1-P phosphatase
activity was reduced in the twoKO lines. Similarly to vtc4-1, the extracts
also hydrolyzed Man-1-P at a slightly lower rate than WT (Fig. 7D).
To confirm genetically that the mutations that cause the ascorbate

deficiencies in vtc4-1 and the insertion lines are allelic, genetic comple-
mentation analyses were conducted. The vtc4-1 line was used as the
female to generate F1 progeny between vtc4-1 and KO-1 and between
vtc4-1 and KO-2. DNA was isolated from pooled F1 individuals from
each cross and the genotype confirmed by PCR. As seen in Fig. 8A, the
WT and vtc4-1 individuals harbor noninsertion alleles, and the KO-1
andKO-2 lines harbor only insertion alleles, whereas the pooled F1 from
each cross contain both alleles. Total ascorbate was determined in
2-week-old plants from each genotype (WT, vtc4-1, KO-1, KO-2, F1
(vtc4-1�xKO-1), and F1 (vtc4-1�KO-2). As seen in Fig. 7,A andC, the
insertion lines do not genetically complement the ascorbate deficiency
in vtc4-1, the F1s containing an insertion allele and a vtc4-1 allele are also
ascorbate-deficient.

DISCUSSION

L-Gal-1-P phosphatase was recently purified and cloned by Laing et
al. (23). However, they did not carry out a functional analysis, so the
predicted role of this enzyme in ascorbate synthesis was not tested. Our
results with the ascorbate-deficient A. thalianamutant, vtc4-1, provide
evidence that this enzyme is required for maximal ascorbate accumula-
tion. First, VTC4 maps to the predicted L-Gal-1-P phosphatase gene
(At3g02870), which has a pointmutation predicted to alter an active site
domain in the resultant enzyme. Second, vtc4-1 leaves have lower L-Gal-
1-P phosphatase activity than WT. Third, an independent line with a
T-DNA insertion in At3g02870 has low ascorbate, decreased L-Gal-1-P
phosphatase activity, and is allelic to the vtc4-1 allele. Finally, in vivo
labeling experiments with [3H]Man showed that vtc4-1 has perturbed
L-Gal metabolism, as labeled L-galactosyl residues accumulated in
polysaccharides in vtc4-1. Because GDP-L-Gal is the most likely source
of these L-galactosyl residues, this observation suggests that the muta-

FIGURE 6. Increased incorporation of radioactivity from D-[2-3H]Man into polysac-
charide L-galactosyl residues in vtc4-1. Whole detached leaves of WT (open bars) and
vtc4-1 (shaded bars) were supplied with D-[2-3H]Man via the petiole for a total incubation
time of 6 h. Monosaccharides released by trifluoroacetic acid hydrolysis of the ethanol-
insoluble leaf fraction were separated by TLC. The experiment was repeated twice with
similar results, and one experiment is shown here. Ranges are S.E. (n 
 3). The D-Man spot
may also contain L-Gul as these sugars are not resolved. Immobile indicates material
located on the TLC plate origin.
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tion increases its availability as a substrate for glycosyltransferases. A
possible explanation for this is that L-Gal-1-P inhibits the enzyme that
converts GDP-L-Gal to L-Gal-1-P. Alternatively, the accumulating
L-Gal-1-P could be converted to GDP-L-Gal by a pyrophosphorylase.
Additional evidence for feedback control of the pathway comes from
analysis of A. thaliana plants with antisense suppression of L-Gal dehy-

drogenase. Not only does L-Gal accumulate as predicted (18), but gas
chromatography-mass spectrometry analysis shows that Man (includ-
ing Man-1-P and GDP-Man) also accumulates,6 suggesting that accu-
mulation of L-Gal feeds back to the GDP-Man-3,5-epimerase step (Fig.
1). Finally, in the L-Fuc-deficientArabidopsismutantmur1 (defective in
GDP-D-Man-4,6-dehydratase; see Ref. 42), L-Gal replaces L-Fuc in the
cell wall xyloglucan (43) and rhamnogalacturonan II, a borate-binding
pectin that is required for plant growth (44). As mammalian fucosyl-
transferase is able to utilize GDP-L-Gal as a substrate (45), it has been
hypothesized that fucosyltransferase inmur1 is using GDP-L-Gal in the
absence of GDP-L-Fuc (46). This implies that excess GDP-Man inmur1
is converted to GDP-L-Gal, which is then shunted into the cell wall and
not into ascorbic acid, most likely due to the above-mentioned feedback
control. As well as being required for ascorbate synthesis, an L-Gal res-
idue occurs in side chain A of rhamnogalacturonan II (44). Therefore,
further investigation of how GDP-L-Gal is partitioned between rham-
nogalacturonan II and ascorbate synthesis would be fruitful given that
reduced ascorbate synthesis increases L-Gal accumulation in polysac-
charides in vtc4-1.
The Arabidopsis L-Gal-1-P phosphatase (At3g02870/VTC4) is anno-

tated by the Arabidopsis genome data bases as a putative inositol/myo-
inositol monophosphatase (IMPase; TAIR, TIGR, and MIPS). Four

6 S. Gatzek, N. Smirnoff, and O. Fiehn, unpublished data.

FIGURE 7. A T-DNA insertion mutant in At3g02870 is ascorbate-deficient and allelic to VTC4-1, and the insertion allele and the vtc4-1 allele represent different alleles of the
same gene. A, the genotypes of WT, vtc4-1, KO-1, KO-2, and pooled F1 progeny from a cross between vtc4-1 and KO-1 and a cross between vtc4-1 and KO-2 were confirmed by PCR
amplification of total DNA from each genotype. Noninsertion allele indicates the amplification product obtained from amplification of total DNA from each genotype with the VTC4B
F/R gene-specific primers. Insertion allele indicates amplification product obtained from amplification of the above-mentioned DNAs with the LB1 SAIL line insert-specific internal
primer and the opposing gene-specific primer VTC4B-R. The � indicates the position of the 1.5-kb size standard relative to the visualized PCR products. B, homozygous SAIL_843_G10
insertion lines KO-1 and KO-2 produce no VTC4 transcript as detected by RT-PCR. Total RNA was isolated from pooled WT, vtc4-1, KO-1, and KO-2 leaf tissue, and 1 �g from each
genotype was reverse-transcribed into cDNAs using the VTC4RT-R and ferredoxin-nitrite reductase R (control) primers. The same volume of cDNA from each RT reaction was used in
two separate parallel PCRs for each genotype with the addition of the VTC4RT-F and ferredoxin-nitrite reductase F primers. Amplification products were electrophoresed on a 3%
agarose gel along with a 100-bp DNA ladder (Fermentas, Burlington, Ontario, Canada). Amplification products were visualized by ethidium bromide staining. VTC4 indicates the
RT-PCR products obtained with the VTC4RT-F/R primers; the ctl indicates the RT-PCR products obtained with the ferredoxin-nitrate reductase F/R primers. The � indicates the position
of the 400-bp size standard relative to the visualized RT-PCR products. C, total ascorbic acid was assayed in pooled 3-week-old expanded leaves from each of the genotypes. The
average ascorbate expressed as �mol/g fresh weight (FWT) is shown for each genotype (n 
 3, assays from replicate extracts). Error bars for the S.D. are shown. D, comparison of
phosphatase activity toward various sugar phosphates by WT, KO-1, and KO-2 extracts. Leaf extracts from plants just prior to flowering were fractionated by ammonium sulfate
precipitation (45– 60% saturation). The desalted sample was incubated with various sugar phosphates. Released sugars were measured by LC-pulsed amperometric detection.

FIGURE 8. Phylogenetic relationship between the Arabidopsis polypeptides anno-
tated as putative IMPases and known mammalian IMPases. Phylip phylogenetic
inference software was used to determine this relationship. Note that the plant L-Gal-1-
phosphate phosphatases (including VTC4, At3g02870) align much more closely with the
mammalian IMPases than do the other Arabidopsis IMPase-like polypeptides or the PAP
phosphatase-like polypeptides.
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additional unlinked genes in the Arabidopsis genome have also been
annotated as encoding putative IMPases (At1g31190, At4g05090,
At4g39120, and At5g54390). As detailed above, it is clear that
At3g02870/VTC4 encodes an enzyme with high specificity for L-Gal-
1-P. Previously it was shown that this enzyme is �12 times more active
against L-Gal-1-P than against myo-inositol-1-P (23). By using the
Phylip phylogenetic inference software, the relationship between the
predicted polypeptides encoded by these five IMPase-like genes and to
mammalian IMPases was determined and is shown in Fig. 8. As
expected, At3g02870 closely alignswith theA. deliciosa L-Gal-1-P phos-
phatase, and in fact, these two polypeptides share 79% amino acid iden-
tity. All five Arabidopsis gene products reside in the superfamily of
metal-dependent phosphatases (HomoloGene cd01636). However,
At5g54390 and At4g05090 both encode polypeptides with a predicted
3�-phosphoadenosine 5�-phosphate (PAP) phosphatase domain that
places them into a different subgroup (cd1517) than that of the plant
L-Gal-1-Pases and the IMPases that utilize mainly inositol monophos-
phate as a substrate (HomoloGene). Indeed, At5g54390 was previously
identified as aHAL2-like gene (AtAHL) that encodes an enzyme shown
experimentally to have sodium-sensitive PAP phosphatase activity (47).
Two additional PAP phosphatase genes are present in the Arabidopsis
genome (AtSAL1 andAtSAL2 (47)) but are annotated as encoding puta-
tive inositol polyphosphate 1-phosphatases (or 3�(2�),5�-bisphosphate
nucleotidases). Therefore, At4g05090may be a fifth gene in a PAPphos-
phatase gene family. The two other IMPase-like genes (At1g31190 and
At4g39120) encode polypeptides that are more closely related to each
other than to the L-Gal-1-P phosphatases or to the PAP phosphatases,
yet the predicted polypeptides both contain the conserved IMPase
domain and may therefore have high specificity toward myo-inositol.
Although it is true that these two polypeptides share only 29–35%
amino acid identity with three tomato enzymes shown to have IMPase
activity, the activity of the tomato enzymes was only tested against ino-
sitol-1-P (48). Indeed, the tomato enzymes are much more closely
aligned with the L-Gal-1-P phosphatases (�72 to 76% identity) and, as
also noted by Laing et al. (23), may therefore actually havemuch greater
phosphatase activity against L-Gal-1-P than inositol-1-P. It is interesting
to note that the mammalian IMPase 1 enzymes are more closely related
to Arabidopsis L-Gal-1-P phosphatases than to the putative PAP phos-
phatases or the putative IMPases.
The combined genetic and biochemical data presented here provide

definitive in planta evidence for the role of L-Gal-1-P phosphatase in
plant ascorbic acid biosynthesis. Although the radiolabeling experi-
ments and the rapid conversion of L-Gal to ascorbate by plants suggest
L-Gal-1-P is the substrate, it is also possible that the enzyme could work
on L-Gul-1-P, thereby leading to ascorbate synthesis via L-gulonolac-
tone (Fig. 1) (21). Importantly, the KOmutant still contains appreciable
ascorbate, even though At3g02870 is not expressed. This suggests that
other enzymes, such as the other IMPase homologues, can hydrolyze
L-Gal-1-P and/or L-Gul-1-P in vivo or that the remaining ascorbate is
synthesized via other pathways. Recently, evidence from transgenic
manipulation has suggested pathways for ascorbate synthesis via D-ga-
lacturonic acid (49) and glucuronic acid (50). Interestingly, the recom-
binant enzyme hydrolyzes myo-inositol-1-P at 7% of the rate of L-Gal-
1-P (23), suggesting it may have a role in ascorbate synthesis via
glucuronate. At3g02870/VTC4 could therefore contribute to both the
L-Gal and the myo-inositol pathways. Both the KO mutant and vtc4-1
have a similar decrease in L-Gal-1-P phosphatase activity. The sequence
conservation of the substrate and Mg2�-binding residues shown by
comparison with human inositol monophosphatase, and which
includes the site of the P92L mutation in VTC4-1, suggests that the

enzyme would has significantly reduced activity. This observation
would explain the similarity in enzyme activity between vtc4-1 and the
KO mutant. All the genes involved in synthesis of ascorbate from
D-Man-1-P, with the exception of the step that converts GDP-L-Gal to
L-Gal-1-P, have now been identified (Fig. 1). We are currently in the
process of the functional characterization of theVTC2 andVTC3 genes.
We predict that the identification of all the enzymes of the proposed
D-Man/L-Gal pathway for ascorbate biosynthesis in plants (15) will soon
be completed. This will provide a strong basis for understanding the
control of ascorbate accumulation in plants and for investigating the
contribution of pathways involving L-Gul (21) and uronic acid interme-
diates (49, 51).
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