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The Arabidopsis thaliana VTC2 gene encodes an enzyme that
catalyzes the conversion of GDP-L-galactose to L-galactose
1-phosphate in the first committed step of the Smirnoff-
Wheeler pathway to plant vitamin C synthesis. Mutations in
VTC2 had previously been found to lead to only partial vitamin
C deficiency. Here we show that the Arabidopsis gene
At5g55120 encodes an enzyme with high sequence identity to
VTC2. Designated VT CS5, this enzyme displays substrate speci-
ficity and enzymatic properties that are remarkably similar to
those of VT C2, suggesting that it may be responsible for residual
vitamin C synthesis in vfc2 mutants. The exact nature of the
reaction catalyzed by VIC2/VTCS5 is controversial because of
reports that kiwifruit and Arabidopsis VIC2 utilize hexose
1-phosphates as phosphorolytic acceptor substrates. Using liq-
uid chromatography-mass spectroscopy and a VITC2-H238N
mutant, we provide evidence that the reaction proceeds through
a covalent guanylylated histidine residue within the histidine
triad motif. Moreover, we show that both the Arabidopsis VTC2
and VTC5 enzymes catalyze simple phosphorolysis of the gua-
nylylated enzyme, forming GDP and L-galactose 1-phosphate
from GDP-L-galactose and phosphate, with poor reactivity of
hexose 1-phosphates as phosphorolytic acceptors. Indeed, the
endogenous activities from Japanese mustard spinach, lemon,
and spinach have the same substrate requirements. These
results show that Arabidopsis VIC2 and VIC5 proteins and
their homologs in other plants are enzymes that guanylylate a
conserved active site His residue with GDP-L-galactose, forming
L-galactose 1-phosphate for vitamin C synthesis, and regenerate
the enzyme with phosphate to form GDP.

Vitamin C (L-ascorbic acid) is the most abundant soluble
antioxidant in plants, in which it plays crucial roles in protec-
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tion against oxidative damage and is used as a cofactor for sev-
eral enzymes. It is synthesized via reactions initially proposed
by Wheeler et al. (1) that are distinct from those used in vitamin
C biosynthesis in animals. Although the Smirnoff-Wheeler
pathway, arising from GDP-p-mannose and involving L-galac-
tose formation, might not be the only route to vitamin C bio-
synthesis in plants (alternative pathways arising from myo-ino-
sitol and methylgalacturonate or involving L-gulose formation
have been proposed; for reviews, see Refs. 2 and 3), it is
undoubtedly the pathway that has received the strongest bio-
chemical and genetic support in recent years (4-9).

Of the four loci (VITCI-4) that have been found to be
mutated in vitamin C-deficient Arabidopsis thaliana plants
(10, 11), three are now known to encode enzymes involved in
the Smirnoff-Wheeler pathway. VTC1 encodes GDP-mannose
pyrophosphorylase (12), whereasVTC4 encodes 1-Gal-1-P?
phosphatase (8). In 2007 the VTC2 gene product was identified
as the enzyme that produces L-Gal-1-P from GDP-L-galactose,
which completed the characterization of the 10 enzymatic steps
leading from D-glucose to L-ascorbic acid (13, 14). VIC2 is a
member of the D-galactose-1-phosphate uridylyltransferase/
Apal nucleoside monophosphate transferase branch of the his-
tidine triad (HIT) protein superfamily (15). The function of the
VTC3 gene remains unknown. Significantly, all véc mutants
identified so far are only partially deficient in vitamin C (11).

In the wake of the identification of VI C2 as the L-Gal-1-P-
forming enzyme, three issues remained unresolved. First, are
vtc2-2 and vtc2-3 null mutations? If so, is there a VTC2-inde-
pendent pathway for making vitamin C that might be respon-
sible for the viability of the mutant plants? Second, consistent
with the sequence relationship of VTC2 as a HIT protein, does
this enzyme proceed through a guanylylated histidine interme-
diate? Third, does the guanylylated intermediate of VTC2
become resolved by simple phosphorolysis (i.e. transfer to
phosphate) as we reported (13) or by transfer to a hexose
1-phosphate as reported by others (14)?

Here we find that vtc2-2 and vtc2-3 mutant proteins are
nearly devoid of enzymatic activity and that a VI'C2 homolo-
gous enzyme, termed VTC5 (16), has nearly identical enzy-
matic characteristics. We find that VTC2 activity and forma-
tion of a covalent guanylylated intermediate both depend on

3 The abbreviations used are: Gal-1-P, galactose 1-phosphate; HIT, histidine
triad; HPLC, high performance liquid chromatography.
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His-238. Finally, we clearly show that there is no requirement
for a hexose 1-phosphate substrate for VI C2, VT C5, or for the
endogenous L-Gal-1-P-forming activities from extracts of four
different plant species.

EXPERIMENTAL PROCEDURES

Materials—ADP-p-Glc, GDP-p-Gle, GDP-D-Man, UDP-b-
Gal, UDP-p-Glc, p-Gal-1-P, b-Glc-1-P, b-Man-1-P (all of these
sugars are in the a-configuration), GDP-B-L-Fuc, and GDP
were from Sigma. L-Gal-1-P, in the B-configuration, was pur-
chased from Glycoteam (Hamburg, Germany). All other
reagents were of analytical grade. GDP-B-L-Gal, synthesized
and purified as described (17), was provided by Prof. Shinichi
Kitamura (Osaka Prefecture University). This preparation was
further purified by the reverse-phase HPLC method described
in Linster et al. (13). Fractions containing GDP-L-Gal were
lyophilized, resuspended in H,O, and stored at —20 °C.

A. thaliana (ecotype Wassilewskija) plants used in this study
had either been grown on soil or under sterile conditions on
agar-solidified Murashige and Skoog medium supplemented
with sucrose. Seeds were sown on soil and germinated for 2 days
at4 °C before being transferred to the UCLA greenhouse where
they were grown at 22 °C for 21 days with 16 h of light (100 —200
wmol m~? s~ 1), Plants were then harvested and stored at
—80 °C until extracted for protein. For growth on agar-solidi-
fied medium, seeds were surface-sterilized (50% (v/v) sodium
hypochlorite, 0.1% (w/v) SDS for 10 min with gentle agitation)
and then washed 5 times in sterile water. The seeds, resus-
pended in sterile water, were vernalized for 2 days at 4 °C before
being sown on Murashige and Skoog medium (Sigma) supple-
mented with 1% (w/v) sucrose and 0.7% (w/v) agar in Magenta
G-7 boxes (Sigma). After 10 days of growth at 22 °C under con-
tinuous light (~40 wumol m™?s™ '), plants were harvested, flash-
frozen in liquid nitrogen, and then stored at —80 °C until used
for protein extraction. Similar GDP-p-Glc and GDP-1-Gal
phosphorylase activities were measured in extracts obtained
from plants grown under the two conditions described. Japa-
nese mustard spinach (Brassica rapa var. komatsuna), lemon
tree (Citrus limon), and maize (Zea mays) leaves were freshly
harvested from plants grown in the outside garden of the UCLA
greenhouse, whereas tobacco (Nicotiana rustica) leaves were
collected from greenhouse grown plants. Kiwifruit leaves were
harvested from a female plant purchased at a local nursery.
Finally, fresh spinach leaves were purchased at a local super-
market. All the leaves were washed with deionized water and
then stored at —80 °C until used for protein extraction.

Cloning of A. thaliana VTC2 and VIC5—The A. thaliana
VTC2 cDNA was cloned as described in Linster et al. (13). A
similar approach was taken to clone the A. thaliana VTC5
c¢DNA. In short, the VTCS5 coding sequence was PCR-amplified
from the U11937 clone containing the coding sequence of the
At5g55120 gene (prepared by the Salk Institute Genomic Anal-
ysis Laboratory (18) and provided by the Arabidopsis Biological
Resource Center at Ohio State University) using the following
forward and reverse primers: 5'-CACCATGTTGTTGAA-
GATCAAAAGAGTTCC and 5'-TCAATTAGAGACAGC-
CTCTTCTTTCACTG. Theresulting DNA was cloned into the
Champion pET100/D-Topo vector (Invitrogen), and this plas-
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mid was transformed into Escherichia coli BL21 Star (DE3)
cells. The DNA sequences of both the VTC2 and VTC5 inserts
were confirmed.

Preparation of VIC2 Mutant Proteins—V'TC2 mutants were
constructed by the PCR and Dpnl method (19) using Pfu poly-
merase (Stratagene, La Jolla, CA) and Dpnl (New England Bio-
labs, Ipswich, MA). The pET100/D-Topo plasmid containing
the VT'C2 coding sequence was used as the mutagenesis tem-
plate. The sense strand mutagenic primers used for the amino
acid substitutions were 5'-CATACTTCAGACTCGATTA-
CAACAGCTTGGG for G224D, 5'-CTATCAATCATCT-
CAACTTTCAGGCTTATTA for H238N, and 5'-CTATG-
CAAGAACTATTTGATACTGTTTCAGA for S290F. The
underlined nucleotides indicate the mutations, which were
confirmed by DNA sequencing. Plasmids containing the
mutant cDNAs were used to transform E. coli BL21 Star (DE3)
cells for purification of mutant VIC2 proteins, designated
VTC2-G224D, VT C2-H238N, and VTC2-S290F.

Overexpression and Purification of Recombinant VTC2,
VIC2 Mutants, and VITC5—Recombinant wild-type and
mutant VTC2 enzymes as well as wild-type VTC5 protein were
overexpressed and purified as described in Linster et al. (13)
with the exception that the lysis buffer contained 0.5 mm phen-
ylmethylsulfonyl fluoride and 5 ug/ml leupeptin. Protein con-
centration was determined using a Lowry assay after precipita-
tion with trichloroacetic acid. Purified enzyme was stored at
—80 °C in 10% glycerol.

Activity Assays of Recombinant VIC2, VIC2 Mutants, and
VIC5—The phosphorylase activity of recombinant VTC2,
VTC2 mutants, and VTC5 was assayed as described in Linster
et al. (13). In short, GDP formation was measured by anion-
exchange HPLC after incubation of recombinant enzyme with
various GDP-hexose substrates in a reaction mixture, pH 7.5,
containing 50 mm Tris-HCI, 5 mm (unless otherwise indicated)
sodium phosphate, 2 mm MgCl,, 10 mm NaCl, and 1 mm dithi-
othreitol. Reactions (26 °C) were initiated by the addition of
enzyme and stopped after the indicated times by heating at
98 °C for 3 min. To assay the enzymatic activity in the reverse
direction, GDP-hexose formation was measured by the same
HPLC method after incubation of the enzyme with the indi-
cated hexose 1-phosphate and 5 mm GDP as described above
except that sodium phosphate and MgCl, were omitted from
the reaction mixture.

The GDP-1-Gal-hexose-1-phosphate guanylyltransferase
activities of recombinant VTC2 and VTC5 were measured by
replacing the sodium phosphate used in the phosphorylase
assay by the indicated concentrations of p-Glc-1-P or p-Man-
1-P and by monitoring GDP-p-Glc or GDP-p-Man formation
by the same anion-exchange HPLC method than the one used
for the phosphorylase assay.

GDP and GDP-hexose concentrations were calculated by
comparing the integrated peak areas with those of standard
GDP or GDP-p-Man solutions. The GDP-1-Gal (substrate of
the transferase activity) and GDP-p-Glc (product of the trans-
ferase activity) peaks partially overlapped. To estimate the total
peak area of the GDP-p-Glc (which elutes just before GDP-L-
Gal) formed, we generally split the peak at the summit and
multiplied the left half-peak area by 2. However, because of an
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FIGURE 1. SDS-PAGE analysis of recombinant VTC5 (VTC2 homolog) and
wild-type and mutant VTC2 proteins. Purified preparations of recombinant
wild-type VTC5 (WT) (4.9 ug of protein), wild-type VTC2 (5.1 ng of protein),
VTC2-H238N (8.7 g of protein), VTC2-S290F (6.9 g of protein), and VTC2-
G224D (6.8 g of protein) were analyzed by SDS-PAGE using Coomassie stain-
ing. The expected molecular weights for recombinant wild-type VTC2 and
VTC5 proteins are 53.1 and 52.4 kDa, respectively. An arrow indicates the
expected position of a 53-kDa polypeptide from the markers in the left and
right lanes, that include bovine phosphorylase a, bovine serum albumin, hen
ovalbumin, bovine carbonic anhydrase, soybean trypsin inhibitor, and hen
lysozyme (Bio-Rad).

TABLE 1

Phosphorylase activities of wild-type and mutant VTC2 enzymes

Activities were measured as described under “Experimental Procedures” in the pres-
ence of 5 mm P,. Wild-type VTC2, VTC2-H238N, VT C2-S290F, and VTC2-G224D
were assayed at final concentrations of 6.8 ng/ml, 23.2 ug/ml, 18.4 ug/ml, and 18.0
pg/ml, and reactions were stopped 10 or 30 min after the addition of wild-type or
mutant VTC2 enzymes, respectively. Values are given as the means = S.D. calcu-
lated from at least three independent measurements.

Phosphorylase activity
25 puM GDP-L-Gal 50 um GDP-p-Glc

Substrate

nmol min~! mg protein™!

VTC2 (wild type) 15,100 = 2,100 14,200 *= 2,100

VTC2-H238N 0.51 = 0.07 0.27 + 0.05

VTC2-S290F 0.50 = 0.12 0.56 = 0.09

VTC2-G224D 0.054 = 0.006 0.013 £ 0.128
TABLE 2

Comparison of the substrate specificities of A. thaliana VTC2 and VTC5

values were obtained by fitting the experimental data to the Michaelis-Menten equation using the K, calculator of the BioMechanic.org program. Enzymatic
values by using a molecular mass of 53.1 and 52.4 kDa for recombinant His-tagged VTC2 and VTC5, respectively, with the

K, and V,

max

turnover numbers were derived from the V,

max

asymmetry of the peaks toward the right, this can lead to an
underestimation of the GDP-p-Glc concentrations and, thus,
the GDP-L-Gal-p-Glc-1-P guanylyltransferase activities by as
much as 35%.

Preparation and Assay of Partially Purified Plant Extracts—
A. thaliana extracts were prepared from whole plants. All other
plant extracts used in this study were derived from leaves. Plant
tissue was ground to a fine powder under liquid nitrogen and
resuspended in 3 volumes of extraction buffer (100 mm Tris-
HCI, pH 7.5, 2 mm dithiothreitol, 10% glycerol, 1 mm phenyl-
methylsulfonyl fluoride, and 5 ug/ml leupeptin) per gram of
extract powder. For extracts prepared from kiwifruit leaves, the
extraction buffer was added in a 4:1 (v/w) ratio, and it addition-
ally contained 2% (w/v) polyvinylpolypyrrolidone (Sigma). For
all plant tissues, the resuspended powder was then centrifuged
for 20 min (4 °C) at 20,000 X g, and the resulting supernatant
filtered through one layer of Miracloth. This preparation was
either stored at —80 °C or immediately subjected to ammo-
nium sulfate fractionation. Protein precipitating between 35
and 50% saturating ammonium sulfate (ICN Biomedicals, Ultra
Pure) was resuspended in 50 mm Tris-HCl, pH 7.5, 1 mm dithi-
othreitol, 10% glycerol, and 1 ug/ml leupeptin. These fractions
were desalted on protein desalting spin columns in 10 mm Tris,
pH 7.5 (Pierce) immediately before being used for activity
measurements. GDP-p-Glc/GDP-L-Gal phosphorylase and
GDP-1-Gal-hexose-1-phosphate guanylyltransferase activities
were assayed as described for recombinant VTC2 and VTC5
proteins, except that NaCl and MgCl, were omitted from the
reaction mixtures.

Liquid Column Chromatography Coupled to Electrospray
Ionization Mass Spectrometry—Recombinant wild-type VT C2
(0.28 mg/ml) and VTC2-H238N (0.48 mg/ml) proteins were
incubated for 5 min (26 °C) with 21 mm Tris-HCI, pH 7.5, and in
the absence or presence of 60 uM GDP-p-Glc and then kept on
ice until liquid chromatography-mass spectroscopy analysis.
The samples (100 ul) were fractionated by reverse-phase HPLC
using a PLRP-S polymeric column with a pore size of 300 A, a
bead size of 5 wm, and 150 X 2.1-mm dimensions (Polymer
Laboratories, Amherst, MA). The column was equilibrated in

assumption that the enzyme preparations were pure. Incubation times and enzyme concentrations were adjusted to obtain initial velocity data. Values are the means = S.D.
calculated from 2—4 individual experiments for each substrate. Enzymatic activities were measured as described under “Experimental Procedures,” and substrate concen-
trations ranged from 2.5 to 50 um (GDP-L-Gal), 2.5 to 100 um (GDP-D-Glc), 0.25 to 5 mMm (GDP-p-Man), 0.1 to 5 mum (P,), and 2.5 to 40 mM (hexose 1-phosphates).

K, Keae ke K,
Substrate
VTC2 VTC5 VTC2 VTC5 VTC2 VTC5
mm s1 M lsT!
Forward reaction
GDP-L-Gal 0.0079 £ 0.0011 0.0083 £ 0.0032 275 132 3.4+ 1.1 X 10° 1.6 = 0.3 X 10°
GDP-p-Glc¢* 0.0044 * 0.0016 0.012 = 0.002 23+ 3 9.9 * 0.5 5.7 £2.3 X 10° 8.6+ 1.6 X 10°
GDP-p-Man” 0.52 = 0.15 1.3+0.3 0.093 = 0.011 0.024 + 0.004 1.9 £ 0.3 X 10? 1.9 £ 0.2 X 10"
Pt 24 +0.1 1.0 =02
P 0.76 = 0.06 0.22 = 0.04
Reverse reaction
L-Gal-1-P* 45+ 7 16+ 1 6.0 = 0.4 3.8*05 1.3+ 0.1 X 10? 2.5+ 0.2 X 10?
D-Glc-1-P* 29 + 4 101 12 = 0.5 58 0.1 4.1 £ 0.5 X 10? 5.8 = 0.8 X 10*

“ For these substrates the values given for the VTC2 enzyme were taken from Linster et al. (13).

? Measured in the presence of GDP-L-Gal 25 pm.
¢ Measured in the presence of GDP-p-Glc 50 uMm.

JULY 4, 2008+VOLUME 283 +NUMBER 27 ¥ SBIVIE]

JOURNAL OF BIOLOGICAL CHEMISTRY 18485



Phosphorylase Activity of Arabidopsis VTC2 and VTC5

80% solvent A (0.1% trifluoroacetic
acid in water) and 20% solvent B
(0.1% trifluoroacetic acid in acetoni-
trile). After a 5-min wash at 20% B,
proteins were eluted using a gradi-
ent changing from 20% to 60% B in
40 min, with a final increase to 100%
B during an additional 5 min, all at a
flow rate of 100 wl/min. An APIIII+
mass spectrometer (PE Sciex) was
tuned and calibrated as described
previously (20) to yield a mass accu-
racy of 0.02%.

RESULTS

VT'C2 Point Mutants Lack Enzy-
matic Activity—Three mutations in
the VT'C2 gene (vtc2-1, vic2-2, and
vtc2-3) are known to lead to partial
vitamin C deficiency in A. thaliana
plants (11). Whereas the vic2-1
mutation consists in a G to A base
change at the predicted 3’ splice site
of intron 5, the v&c2-2 and vtc2-3
mutations have been found to cor-
respond to mis-sense mutations
leading to G224D and S290F substi-
tutions, respectively (21). To test
the effect of the latter mutations on
enzyme activity, we have introduced
them in the VTC2 coding sequence
by site-directed mutagenesis. We
have also prepared a mutant allele in
which the predicted catalytic resi-
due of VTC2, His-238 (see below),
has been replaced by an Asn residue.

Overexpression and purification
yielded relatively high amounts of
the recombinant VTC2-H238N
protein (Fig. 1). Production of the
VTC2-G224D and VTC2-S290F
mutants proved more difficult, and
only low amounts of protein could
be detected (Fig. 1). SDS-PAGE
analysis of the pellets and superna-
tants obtained after centrifugation
of the bacterial lysates showed that
the VTC2-S290F mutant was
mostly insoluble and that the
VTC2-G224D mutant appeared to
have been entirely degraded (data
not shown).

With the VTC2-H238N and
VTC2-S290F preparations, we
detected only very low residual
phosphorylase activities both in the
presence of GDP-L-Gal and GDP-p-
Glc (Table 1). These residual activi-
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ties were, however, significantly higher than those detected in
the presence of the VT C2-G224D preparation and, thus, do not
seem to be contributed by bacterial contaminants. The phos-
phorylase activities of the VI'C2-H238N mutant were at least
30,000-fold lower than the wild-type activities. Because of the
low level of soluble expression of the VI C2-S290F mutant, we
were unable to calculate its activity relative to the wild-type
enzyme.

VTC5 Is a VTC2-paralogous Enzyme—The vtc2-2 and vic2-3
mutants had previously been shown to contain ~30 and 50%,
respectively, of the ascorbate present in wild-type plants (11).
The very low activities detected with the VTC2-G224D and
VTC2-S290F mutants, thus, raised the question of the origin of
these residual vitamin C contents. BLAST searches revealed
that the A. thaliana genome encodes a protein sharing high
sequence identity with VTC2. We cloned and overexpressed
the corresponding gene (At5g55120) and purified the expres-
sion product (Fig. 1, lane 2) using the same procedures as those
used to produce His-tagged VTC2 (13). We found that
At5g55120 encodes a GDP-L-Gal phosphorylase whose bio-
chemical properties closely resemble those of VTC2 (Table 2)
and which might, thus, account for the residual vitamin C levels
found in v£c2 mutants. During the course of these studies Dow-
dle et al. (16) also overexpressed At5g55120 and characterized
the gene product, which they named VTC5, as a GDP-1.-Gal
phosphorylase.

We first characterized the substrate specificity of VTC5 for
nucleotide sugars. As shown in Table 2, both VTC2 and VTC5
use GDP-L-Gal and GDP-p-Glc with high catalytic efficiencies,
although the values obtained for VIC5 are ~2- and 7-fold,
respectively, lower than those calculated for VIC2. GDP-p-
Man is a very poor substrate for both enzymes. We could, how-
ever, detect significant phosphorylase activities with both
enzymes in the presence of GDP-L-Fuc, which is the 6-deoxy
derivative of GDP-L-Gal. About 10-fold lower phosphorylase
activities were measured in the presence of ~80 um GDP-L-Fuc
(2.4 = 0.1 wmol min™ "' mg of protein™ " for VTC2 and 1.1 = 0.1
wmol min ™! mg of protein ™! for VTC5) than in the presence of
a near-saturating (~50 uM) concentration of the physiological
substrate GDP-L-Gal (25 = 5 wmol min~' mg of protein™"' for
VTC2 and 12 * 1 umol min~"' mg of protein™' for VTC5).
Similar to the situation with VTC2 (13), no phosphorylase
activity could be detected with VTC5 when UDP-p-Glc, UDP-
D-Gal, or ADP-D-Glc was used as a substrate (all tested at 0.5
muy; data not shown). Using a mixture obtained by incubation
of GDP-p-Man with GDP-p-mannose 3’,5’'-epimerase and
containing GDP-p-Man, GDP-L-Gal, and GDP-L-gulose in a
82:15:3 ratio, we could not detect any GDP-L-gulose phospho-
rolysis in the presence of VTC5 and under conditions where
about 80% consumption of GDP-1.-Gal was observed (data not
shown); a similar result was found previously with VTC2 (13).

We then examined the affinity for phosphate as a substrate.
VTC5 showed a 2.5- and 3.5-fold higher affinity for P, than
VTC2 in the presence of GDP-i-Gal and GDP-p-Glc,
respectively.

Finally, we compared the ability of VTC5 and VTC2 to carry
out the reverse reaction (hexose-1-P + GDP — GDP-hexose +
P,). Both enzymes are much more efficient in phosphorolyzing
GDP-L-Gal or GDP-p-Glc than in catalyzing the corresponding
reverse reactions (Table 2). However, this difference in effi-
ciency for the forward and reverse reactions is more pro-
nounced in the case of VT C2. The specificity constants for the
forward reactions with GDP-1-Gal and GDP-p-Glc are
~26,000- and 14,000-fold, respectively, higher than the ones
for the reverse reactions in the case of VI C2, whereas for VI C5
these ratios amount to ~6400- and 1500-fold, respectively.
Taken together, these results suggest that VIC2 and VI C5
catalyze similar reactions with similar kinetics.

VIC2 Forms a His-238-dependent Guanylylated Inter-
mediate—The alignment of plant VTC2 sequences and their
vertebrate and invertebrate homologs revealed the presence of
a conserved motif (His-¢-His-¢-His/Gln, where ¢ is a hydro-
phobic amino acid) characteristic of the members of the HIT
protein superfamily (13, 14). HIT enzymes consist of nucleoside
monophosphate hydrolases and nucleoside monophosphate
transferases which attack the a-phosphate of the monophos-
phonucleoside moiety of their substrates by the second His of
the HIT motif, forming a covalent nucleotidylylated intermedi-
ate (15). While the nucleotidylylated intermediate is simply
hydrolyzed in the case of HIT hydrolases, this intermediate is
stable to water in HIT transferases and awaits reaction with P,
(phosphorolysis) or a specific phosphorylated substrate (trans-
fer). We know that A. thaliana VTC2 requires the presence of
P, to convert its GDP-hexose substrates (GDP-L-Gal and GDP-
D-Glc) to GDP and the corresponding hexose 1-phosphates
(-Gal-1-P and p-Glc-1-P, respectively) (13). However, given
the relatively low sequence similarity with other members of
the HIT protein superfamily, it was important to experimen-
tally confirm the predicted catalytic mechanism. We, therefore,
prepared a point mutant in which the second His of the HIT
motif of Arabidopsis VTC2 (His-238) is replaced by an Asn
residue. We have shown above that this substitution reduces
the catalytic activity by at least 30,000-fold (Table 1).

We then incubated wild-type VTC2 and VTC2-H238N with-
out P, in the presence or absence of GDP-pD-Glc and analyzed
the four resulting preparations by liquid chromatography-mass
spectroscopy. As shown in Fig. 2, a decrease of the mass peak
corresponding to the non-modified enzyme and the appear-
ance of a new peak of 344 higher mass, were observed after
reaction with GDP-p-Glc when wild-type VTC2, but not
when VTC2-H238N, was used in the incubation. Because a
345-Damass increase is expected for covalently bound GMP,

FIGURE 2. Identification of a guanylylated enzyme intermediate formed during the catalytic cycle of VTC2 that is dependent upon His-238. Recombi-
nant A. thaliana wild-type (WT) VTC2 and mutant VTC2-H238N were incubated with GDP-b-Glc as described under “Experimental Procedures.” The two
reactions along with enzyme only samples were separated by reverse-phase HPLC and directed to a SCIEX electrospray ionization mass spectrometer as
described under “Experimental Procedures.” The figure displays the deconvoluted mass spectrum over the range of 52,500-54,000 Da. After incubation of
wild-type VTC2, but not VTC2-H238N, with GDP-D-Glc, a new species was observed that is 344 Da larger as compared with the enzyme only spectrum. The
expected molecular weights for wild-type VTC2, guanylylated wild-type VTC2, and VTC2-H238N are 53,095, 53,440, and 53,072 Da, respectively. All masses are

given as an average mass based on natural isotopic abundance. ¢ps, counts/s.
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FIGURE 3. Recombinant VTC2 is highly specific for P; as the guanylyl
acceptor used during conversion of GDP-L-Gal to L-Gal-1-P.VTC2 (0.026 or
0.26 wg/ml) was incubated for 30 min in the presence of 25 um GDP-L-Gal and
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these observations suggest formation of an enzyme interme-
diate guanylylated on the His-238 residue and strongly sup-
port the catalytic mechanism expected for a member of the
p-galactose-1-phosphate uridylyltransferase/Apal nucleo-
side monophosphate transferase branch of the HIT protein
superfamily (15).

A. thaliana VI C2 and VICS Are Both Highly Specific for P, as
the Guanylyl Acceptor—In our previous study on VIC2 (13),
the specificity of the enzyme for the guanylyl acceptor had not
been investigated. To test whether VTC2 could catalyze the
conversion of its GDP-hexose substrate in the presence of gua-
nylyl acceptors other than P;, we incubated the enzyme (at two
different concentrations) with GDP-L-Gal and in the absence or
presence of P, PP,, D-Glc-1-P, and p-Man-1-P. As shown in Fig.
3G, only P, gave rise to a significant GDP-L-Gal consumption
when recombinant A. thaliana VTC2 was used at a concentra-
tion of 0.026 wg/ml. At a 10-fold higher enzyme concentration,
total conversion of GDP-L-Gal to GDP was measured in the
presence of P; (Fig. 3B), whereas only a very low conversion
(~4%) of GDP-L-Gal to GDP-p-Glc could be detected in the
presence of b-Glc-1-P (Fig. 3E). Even at these high enzyme con-
centrations, no formation of GDP-pD-Man or GTP (two com-
pounds readily detectable with the HPLC method used; data
not shown) could be measured in the presence of p-Man-1-P
(Fig. 3D) or PPi (Fig. 3C), respectively. Very similar results were
obtained when VTC5 was used instead of VT C2 in these exper-
iments (data not shown).

We then measured the effect of P, and p-Glc-1-P concentra-
tion on the GDP-L-Gal phosphorylase and GDP-L-Gal-p-Glc-
1-P guanylyltransferase activities, respectively, of VT C2 (Fig. 4)
and VTC5 (Fig. 5). At all acceptor concentrations tested, the
VTC2 and VTC5 activities were considerably lower in the pres-
ence of D-Glc-1-P than in the presence of P;. More particularly,
at concentrations of 5 mMm P; or p-Glc-1-P (which are close to
physiological concentrations reported for P; in plants (22, 23)
but are at least 100-fold higher than those measured for p-Glc-
1-P (24)), VT C2 activity was ~33-fold higher in the presence of
P, than in the presence of p-Glc-1-P. For reasons that are yet
unclear, the addition of P; or p-Glc-1-P concentrations higher
than 5 or 20 mwm, respectively, leads to unexpectedly high
enzyme activities when recombinant VTC2 or VTC5 enzymes
are used (data not shown). However, in the concentration range
used in Figs. 4 and 5, Michaelis-Menten kinetics were observed,
and kinetic parameters could be estimated. For VI C2, K, val-
ues of 1.8 and 26 mm and V,_values of 19 and 2.6 wmol min !
mg of protein " were calculated in the presence of P,and p-Glc-
1-P, respectively, indicating that this enzyme is more than 100-

various potential guanylyl acceptors as described under “Experimental Pro-
cedures.” The deproteinized samples were analyzed by anion-exchange
HPLC as described in Linster et al. (13) to monitor GDP-L-Gal consumption and
the possible production of GDP, GTP, GDP-p-Man, and GDP-p-Glc. The traces
obtained after incubation with high VTC2 concentration (0.26 ug/ml) are
shown (panels A-E). They are representative of three separate experiments.
Panel F shows the separation of authentic GMP, GDP-p-Glc, GDP-L-Gal, and
GDP by the HPLC method used. GDP-p-Man co-elutes with GDP-p-Glc, and
GTP elutes at ~40 min (not shown). In panel G, the concentrations of GDP-L-
Gal measured after incubation in the described conditions are given as
means =+ S.D. values calculated from three separate experiments. mAU, milli-
absorbance units.
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FIGURE 4. Effect of P, p-Glc-1-P, and p-Man-1-P concentrations on the
activity of recombinant VTC2. GDP-L-Gal phosphorylase and GDP-L-Gal-
hexose-1-phosphate guanylyltransferase activities were assayed as
described under “Experimental Procedures” in the presence of 25 um GDP-L-
Gal and the indicated concentrations of P, b-Glc-1-P, or b-Man-1-P. Reactions
were stopped 10 min after the addition of recombinant VTC2. The curves
shown represent ideal saturation curves obtained by fitting the activities
measured in the presence of P, and b-Glc-1-P to the Michaelis-Menten equa-
tion. The axis scales in panels A and B have been drawn to highlight the high
and low activities found. Activities are the means = S.D. values calculated
from at least three separate experiments.

fold more efficient as a GDP-L-Gal phosphorylase than as a
GDP-L-Gal-p-Glc-1-P  guanylyltransferase. In the case of
VTC5, we found K, values of 0.96 and 6.8 mm and V,,,, values
of 15 and 2.4 wmol min~"' mg of protein™ " in the presence of P,
and D-Glc-1-P, respectively, indicating that this enzyme is
about 45-fold more efficient as a phosphorylase than as a trans-
ferase. No GDP-1-Gal-pD-Man-1-P guanylyltransferase activity
could be detected with either VTC2 or VT C5 and up to 40 mm
D-Man-1-P (Figs. 4 and 5).

Confirmation of P, as the Preferred Guanylyl Acceptor for
GDP-1-Gal to 1-Gal-1-P Conversion Measured in Plant Tissue
Extracts—We next wanted to test whether our observations
concerning the acceptor specificity of recombinant VTC2 and
VTCS5 could be confirmed with partially purified plant extracts
as the enzyme source. Using ammonium sulfate fractions of
A. thaliana whole plant extracts, we measured P;-dependent
GDP formation which correlated with P;-dependent GDP-p-
Glc or GDP-L-Gal consumption, reflecting the sum of the
VTC2 and VTCS5 activities of these preparations (Table 3). We
also found that GDP-p-Glc and GDP-L-Gal phosphorylase
activities could be detected in ammonium sulfate precipitates
of extracts of Japanese mustard spinach, lemon, spinach, and
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FIGURE 5. Effect of P, p-Glc-1-P, and p-Man-1-P concentrations on the
activity of recombinant VTC5. GDP-L-Gal phosphorylase and GDP-L-Gal-
hexose-1-phosphate guanylyltransferase activities of VTC5 were assayed
under the same conditions as those of VTC2 (see Fig. 4). The curves shown
represent ideal saturation curves obtained by fitting the activities measured in
the presence of P; and p-Glc-1-P to the Michaelis-Menten equation. The axis
scales in panels A and B have been drawn to highlight the high and low activities
found. Activities are the means = S.D. values calculated from two (activity with
D-Man-1-P) or three (activities with P, or b-Glc-1-P) separate experiments.

maize leaves but not of kiwifruit or tobacco leaves (Table 3).
Except for the maize leaf extract, slightly higher phosphorylase
activities were found when GDP-L-Gal (25 um) was used
instead of GDP-D-Glc (50 um).

However, we found that the levels of phosphorylase activity
ranged widely among different plants (Table 3). The highest
activities were measured in ammonium sulfate fractions of Jap-
anese mustard spinach leaves, lemon leaves, and A. thaliana
whole plants; much lower activities were found in similar
extracts of spinach and maize leaves.

In these same plant extracts we also measured transferase
activity as p-Glc-1-P- and p-Man-1-P-dependent GDP-p-Glc
and GDP-p-Man formation, respectively, in the presence of
GDP-1-Gal (Table 3). The guanylyltransferase activities found
in the various plant extracts in the presence of p-Glc-1-P were
generally at least 10-fold lower than the GDP-L-Gal phospho-
rylase activities (except for the maize leaf extract, where the
transferase activity was only about 2-fold lower than the phos-
phorylase activity). No guanylyltransferase activity could be
detected in the presence of b-Man-1-P and GDP-L-Gal, except
for the lemon leaf extract, where this activity was, however,
more than 100-fold lower than the corresponding GDP-L-Gal
phosphorylase activity. Finally, in tobacco or kiwifruit leaf
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TABLE 3

Phosphorylase and transferase activities in various partially purified plant extracts

Activities were assayed as described under “Experimental Procedures.” GDP-L-Gal and GDP-D-Glc were added at concentrations of 25 and 50 uM, respectively. Protein
concentrations and incubation times ranged from 0.04 to 1.6 mg/ml and 15 to 120 min, respectively, according to the plant extract used. Plant extracts, prepared as
ammonium sulfate fractions as described under “Experimental Procedures,” were incubated in the absence or presence of 5 mm guanylyl acceptor (P;, D-Glc-1-P, or
D-Man-1-P) to measure P;-dependent GDP (phosphorylase activity) or hexose 1-phosphate-dependent GDP-p-Glc or GDP-p-Man (transferase activities) formations,
which were then used to calculate specific activities. Data are the means * S.D. values calculated from three separate measurements.

Extract”

Activity (GMP donor/GMP acceptor)

GDP-p-Glc/P; GDP-L-Gal/P; GDP-L-Gal/p-Glc-1-P GDP-L-Gal/p-Man-1-P
pmol min~! mg of protein™*

Arabidopsis 424 * 225 698 * 194 74 =49 —18*=28
Japanese mustard spinach 2786 * 267 3491 *= 122 284 *+ 49 2.0+ 3.1
Lemon 1312 = 329 3626 * 789 351 =45 27*9
Spinach 45+ 8 88 +19 71*+28 —0.45 * 0.74
Maize 52+9 37*£9 16 £ 10 35*+29
Kiwifruit 6.6 = 2.0 12+ 16 —17 =25 —4.0 £ 17
Tobacco —84*+47 —18*51 3.8+0.8 0.26 = 1.0

“ Except for Arabidopsis, all plant extracts were prepared from leaf tissue. Whole plants were used for Arabidopsis protein extraction.
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FIGURE 6. Effect of P, p-Glc-1-P, and p-Man-1-P concentrations on the
GDP-L-Gal phosphorylase or GDP-L-Gal-hexose-1-phosphate transfer-
ase activities in partially purified extracts of A. thaliana (panel A) and
Japanese mustard spinach leaves (panel B). The phosphorylase and trans-
ferase activities shown were assayed as described under “Experimental Pro-
cedures” in the presence of 25 um GDP-L-Gal and the indicated concentra-
tions of P; and p-Glc-1-P or p-Man-1-P, respectively. Incubation times and
protein concentrations were adjusted to obtain initial velocity data. The
curves shown represent ideal saturation curves obtained by fitting the activ-
ities measured in the presence of P, and p-Glc-1-P to the Michaelis-Menten
equation. The results shown are means =+ S.D. values calculated from at least
three (panel A) or two (panel B) separate measurements.

extracts, transferase activities were close to or below the detec-
tion limit (Table 3).

Two of the partially purified plant extracts were used to esti-
mate and compare the kinetic constants of their GDP-L-Gal
phosphorylase and GDP-L-Gal-p-Glc-1-P guanylyltransferase
activities (Fig. 6). In the Japanese mustard spinach leaf extracts,
K, valuesof 1.4 (*+0.2,n =2)and 13 (£1,n =3) mmand V.
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values of 4.8 (0.1, # = 2) and 0.99 (+0.11, # = 3) nmol min !
mg of protein ' were estimated in the presence of P, and p-Glc-
1-P, respectively. Similar K, values were found for P; and
D-Glc-1-Pin A. thaliana extracts (1.1 = 0.3and 18 = 2 mM, n =
4, respectively), whereas the corresponding V. values (1.3 =
0.1and 0.28 *+ 0.03 nmol min ' mg of protein ', # = 4, respec-
tively) were ~4 times lower in these extracts than in the
Japanese mustard spinach extracts. It can, thus, be calculated
that the catalytic efficiencies (V,,,,/K,,) of the GDP-L-Gal
phosphorylase activity of these extracts are about 45-fold (Jap-
anese mustard spinach leaf extract) and 75-fold (A. thaliana
extract) higher than the catalytic efficiencies of the GDP-L-Gal-
D-Glc-1-P guanylyltransferase activities in these same extracts.
No GDP-L-Gal-p-Man-1-P guanylyltransferase activity could
be detected in either of these extracts in the presence of b-Man-
1-P concentrations of up to 40 mm (Fig. 6). These results show
that in both recombinant enzyme and in tissue extracts, the
predominantly catalyzed reaction is phosphorolysis.

DISCUSSION

Of the three mutations in the Arabidopsis VIC2 gene
(vte2-1, vtc2-2, and vic2-3) known to lead to vitamin C defi-
ciency (11), two have been identified as mis-sense mutations
leading to G224D (vtc2-2) and S290F (véc2-3) substitutions
(21). At the time these mutations were discovered the VTC2
function was still unknown. With the recent identification of
VTC2 as a GDP-1.-Gal phosphorylase (13), it became possible to
test the effect of the mis-sense mutations on this activity to
increase our understanding of the enzymology of VT C2 and
to confirm the physiological role of VTC2 as catalyzing a reac-
tion involved in plant vitamin C biosynthesis. The S290F sub-
stitution led to an enzymatic activity of the purified preparation
that was ~30,000-fold lower than that of the wild-type VTC2
preparation. However, the purity of the mutant protein being
much lower, we could not compare the specific activities of the
wild-type VT'C2 and VT C2-S290F enzymes. We were unable to
stably express the VTC2-G224D protein; from our results it is,
thus, unclear whether this enzyme is stable in cells or indeed
has any activity. During the course of this work, Dowdle et al.
(16) also characterized the VTC2-S290F and VTC2-G224D
mutants. The authors found no activity with the latter mutant,
although the issue of its stability was not addressed. They were,
however, able to show that the VT C2-S290F mutant displayed a
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10-fold higher K, for P; and a 5-fold lower k_,, than the wild-
type enzyme, resulting in a 50-fold lower catalytic efficiency for
the mutant enzyme. Taken together, these results indicate that
the relatively high residual vitamin C levels measured in vtc2-2
(~30% that of wild-type content) and vtc2-3 (~50% of wild-
type content) mutants (11, 16) are unlikely to be accounted for
by the residual VT C2 activities. Although the existence of alter-
native pathways for vitamin C synthesis has been proposed in
plants, the finding that the A. thaliana genome contains a gene
(At5g55120) sharing high similarity with the VTC2 gene indi-
cated the existence of an enzyme able to maintain flux through
the Smirnoff-Wheeler pathway in the absence of VTC2.

Accordingly, we found that the product of the At5g55120
gene is also highly efficient as a GDP-L-Gal/GDP-b-Glc phos-
phorylase. This partially confirms the results obtained during
the course of our studies by Dowdle et al. (16), who designated
this enzyme VTC5. However, the kinetic properties of the
GDP-L-Gal phosphorylase activities of recombinant VTC2 and
VTCS5 published by Dowdle et al. (16) differ quite substantially
from the ones found in this study. Compared with our results,
Dowdle et al. (16) found higher K, values for GDP-L-Gal (250
versus 7.9 um for VT C2 and 667 versus 8.3 um for VTC5), lower
k., values (2.0 versus 27 s~ for VTC2 and 2.7 versus 13 s~ * for
VTC5), and lower K, values for P, (0.25 versus 2.4 mm for VT C2
and 0.13 versus 1.0 mMm for VT C5). The use of different expres-
sion plasmids and/or different enzyme activity assays (direct
HPLC assay in this study and coupled assay in Dowdle et al.
(16)) might account for the discrepancy between the results
obtained. The fact that the K, values for GDP-L-Gal and P;
obtained with our recombinant VTC2 and VTC5 preparations
are closer to the values obtained with native pea enzyme (K,
values of 18 uMm and 1.1 mMm for GDP-L-Gal and Pj, respectively
(16)) as well as with partially purified A. thaliana extracts (K,
value of 1.1 mwm for Pj; this study) suggests that the values found
in this study may reflect more closely the properties of the
native enzymes.

Comparison of the kinetic properties of VITC2 and VT C5 did
not reveal any fundamental differences between these two
enzymes. As for VTC2 (Ref. 13 and this study), we found that
VTC5 displays a strong substrate preference for GDP-L-Gal and
GDP-p-Glc over GDP-L-Fuc and GDP-p-Man and that UDP-p-
Glc, UDP-p-Gal, and ADP-p-Glc are not substrates at all. Fur-
thermore, as for VTC2, VT C5 does not seem to phosphorolyze
GDP-L-gulose, a compound formed, in addition to GDP-L-Gal,
from GDP-p-Man by GDP-p-mannose 3',5'-epimerase (25) in
the reaction catalyzed upstream of GDP-L-Gal phosphorolysis
in the Smirnoff-Wheeler pathway. Neither VTC2 nor VTC5
does, thus, seem to participate in the putative vitamin C syn-
thesis pathway involving L-gulose and L-gulono-1,4-lactone
formation, one of the alternative pathways that has been
proposed for vitamin C synthesis in plants (25). Both VTC2
and VTC5 catalyze the phosphorolysis of GDP-L-Gal and
GDP-p-Glc much more efficiently than the corresponding
reverse reactions.

The reason for the conservation of two proteins with the
same biochemical function in Arabidopsis is not clear. VT C2
and VTC5 might act in different subcellular compartments, but
this has not yet been investigated. Dowdle et al. (16) showed
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that VTC2 and VTCS5 are both expressed in Arabidopsis leaf,
stem, root, flower, and silique tissue but that the mRNA expres-
sion level of VT'C5 is 100-1000-fold lower than the one of
VTC2 in all these tissues. Exposure of Arabidopsis plants to
high light led to increased ascorbate contents as well as
increased expression of VIT'C5 and, more importantly, VTC2
(16). Jasmonate treatment also led to ascorbate accumulation in
Arabidopsis as well as induction of both the VTC2 and VTC5
genes (26). The expression of the VT'C5 gene seemed, however,
to be more responsive to jasmonate treatment as well as to
induction by ozone exposure (26), which might indicate that
VTC5 only contributes significantly to ascorbate synthesis
under certain stress conditions. Importantly, with the identifi-
cation of VTC5, it has now become possible to find out whether
pathways other than the Smirnoff-Wheeler pathway signifi-
cantly contribute to plant vitamin C synthesis. During the
course of this study, Dowdle et al. (16) found that double
mutants in VT'C2 and VTCS5 are unable to grow unless sup-
plemented with ascorbate, demonstrating not only that the
Smirnoff-Wheeler pathway is the only physiologically signifi-
cant source of vitamin C, at least in A. thaliana, but also that
ascorbate is required for seedling viability.

Members of the b-galactose-1-phosphate uridylyltrans-
ferase/Apal branch of the HIT protein superfamily transfer the
monophosphonucleoside moiety of their substrate either to P;
or to a specific phosphorylated compound. p-galactose-1-phos-
phate uridylyltransferase, for example, transfers UMP from
UDP-p-Glc to p-Gal-1-P forming p-Glc-1-P and UDP-p-Gal
(27). Using a recombinant VT C2 homolog from kiwifruit, Laing
et al. (14) detected GDP-L-Gal transferase activities in the pres-
ence of P, PP, and a series of hexose 1-phosphates including
D-Man-1-P and p-Glc-1-P. The highest activities were meas-
ured in the presence of the hexose 1-phosphates, and they pro-
posed b-Man-1-P as the most likely in vivo guanylyl acceptor.
They reported that recombinant A.thaliana VTC2 also
showed transferase activity with similar properties to the kiwi-
fruit enzyme (14). These results contrast with the characteriza-
tion of VT'C2 as a GDP-L-Gal phosphorylase by our group (13)
and by Dowdle et al. (16). Additionally, in this study we could
not detect any formation of GDP-p-Man or GTP from GDP-L-
Gal in the presence of VI'C2 or VTC5 and p-Man-1-P or PP,,
respectively. We measured a small transferase activity with
D-Glc-1-P, but this activity was 100- and 45-fold less than the
phosphorylase activity of VTC2 and VTCS5, respectively.

In plants, cytosolic concentrations have been estimated at
3-7 mu for P, (22, 23) and at ~50 um for p-Glc-1-P (24). Given
the K, values of 0.96 to 1.8 mm found here for P; and 6.8 to 26
mwm for D-Glc-1-P, it seems clear that the phosphorylase reac-
tion will be responsible for almost all of the VTC2 and VTC5
activities in plant cells. The striking preference of the VT C2 and
VTC5 phosphorylase activities for GDP-p-Glc over GDP-p-
Man as the GDP-hexose donor indicates that these enzymes
have binding sites that can accommodate b-Glc-1-P, but not, or
much less efficiently, p-Man-1-P, which would explain the lack
of GDP-L-Gal-pD-Man-1-P guanylyltransferase activity that we
observe.

It is difficult to rationalize the differences between the stud-
ies supporting a transferase (14) rather than a phosphorylase
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(13, 16) activity for VI C2/VTCS5 (28). We find no evidence for
differences in the acceptor specificity of the enzymatic reaction
in different plant species. GDP-L-Gal phosphorylase activities
could be readily detected in partially purified extracts prepared
from A. thaliana plants as well as Japanese mustard spinach
and lemon leaves. These extracts also displayed some GDP-L-
Gal-p-Glc-1-P guanylyltransferase activity, which was, how-
ever, ~10-fold lower than the corresponding phosphorylase
activities. It is possible that the different assay methods may
have contributed to the divergent results. In this study, GDP
and GDP-hexoses formed by the VITC2 and VTC5 phospho-
rylase and transferase activities, respectively, were detected
directly by HPLC. Laing et al. (14) employed an indirect enzy-
matic assay to measure release of the rL-Gal-1-P product
(formed in both the phosphorylase and transferase reactions).
This enzymatic assay was based on the use of two E. coli-ex-
pressed coupling enzymes (L-Gal-1-P phosphatase and 1-Gal
dehydrogenase) and the spectrophotometric measurement of
NADH formation. Although these enzymes have been claimed
to be specific for their substrates (6, 7, 14), low activities found
with 1-Gal-1-P phosphatase and some other hexose 1-phos-
phates (myo-inositol 1-phosphate, p-Gal-1-P, p-Man-1-P,
D-Glc-1-P (7)) as well as a possible inhibition of L.-Gal-1-P phos-
phatase by P, may complicate the coupled assay.

Based on the GDP-1-Gal-D-Man-1-P guanylyltransferase
activity they measure, Laing et al. (14) proposed a VTC2 cycle in
which the biosynthesis of L-Gal-1-P from p-Man-1-P can be
sustained by the action of only two enzymes: VTC2 and GDP-
D-mannose 3',5'-epimerase. In a subsequent review, Wolucka
and Van Montagu (28) extended this initial proposal by includ-
ing a putative GDP-p-mannose 2’-epimerase and by taking into
account the double specificity of VITC2 for GDP-L-Gal and
GDP-p-Glc, leading to a cycle that links photosynthesis with
the biosynthesis of vitamin C and the cell-wall metabolism.
Considering the very low transferase activity of VIC2 and
VTC5 that we measured in this study, it is unclear whether a
VTC2 cycle actually operates in plants.

Acknowledgments—We thank Prof. Shinichi Kitamura (Osaka Pre-
fecture University) for kindly providing GDP-1-galactose and the Ara-
bidopsis Biological Resource Center at Ohio State University for pro-
viding the VIC2 and VTCS clones.

REFERENCES

. Wheeler, G. L., Jones, M. A., and Smirnoff, N. (1998) Nature 393, 365—369

. Valpuesta, V., and Botella, M. A. (2004) Trends Plant Sci. 9, 573-577

. Hancock, R. D., and Viola, R. (2005) Crit. Rev. Plant Sci. 24, 167—188

. Smirnoff, N., Conklin, P. L., and Loewus, F. A. (2001) Annu. Rev. Plant
Physiol. Plant Mol. Biol. 52, 437467

BN =

18492 JOURNAL OF BIOLOGICAL CHEMISTRY

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.

20.
21.

22.
23.

24,

25.

26.

27.
28.

. Wolucka, B. A, Persiau, G., Van Doorsselaere, J., Davey, M. W., Demol, H.,

Vandekerckhove, J., Van Montagu, M., Zabeau, M., and Boerjan, W.
(2001) Proc. Natl. Acad. Sci. U. S. A. 98, 1484314848

. Gatzek, S., Wheeler, G. L., and Smirnoff, N. (2002) Plant J. 30, 541-553
. Laing, W. A, Bulley, S., Wright, M., Cooney, J., Jensen, D., Barraclough, D.,

and MacRae, E. (2004) Proc. Natl. Acad. Sci. U. S. A. 101, 16976 -16981

. Conklin, P. L., Gatzek, S., Wheeler, G. L., Dowdle, J., Raymond, M. J.,

Rolinski, S., Isupov, M., Littlechild, J. A., and Smirnoff, N. (2006) J. Biol.
Chem. 281, 15662—-15670

. Qian, W,, Yu, C,, Qin, H,, Liu, X., Zhang, A., Johansen, I. E., and Wang, D.

(2007) Plant J. 49, 399 —413

Conklin, P. L., Williams, E. H., and Last, R. L. (1996) Proc. Natl. Acad. Sci.
U S. A. 93,9970-9974

Conklin, P. L., Saracco, S. A., Norris, S. R., and Last, R. L. (2000) Genetics
154, 847-856

Conklin, P. L., Norris, S. R., Wheeler, G. L., Williams, E. H., Smirnoff, N.,
and Last, R. L. (1999) Proc. Natl. Acad. Sci. U. S. A. 96, 4198 —4203
Linster, C. L., Gomez, T. A, Christensen, K. C., Adler, L. N,, Young, B. D.,
Brenner, C., and Clarke, S. G. (2007) J. Biol. Chem. 282, 1887918885
Laing, W. A., Wright, M. A., Cooney, J., and Bulley, S. M. (2007) Proc. Natl.
Acad. Sci. U. S. A. 104, 95349539

Brenner, C. (2002) Biochemistry 41, 9003—9014

Dowdle, J., Ishikawa, T., Gatzek, S., Rolinski, S., and Smirnoff, N. (2007)
Plant J. 52, 673—689

Watanabe, K., Suzuki, K., and Kitamura, S. (2006) Phytochemistry 67,
338-346

Yamada, K., Lim, J., Dale, ]. M., Chen, H., Shinn, P., Palm, C.J., Southwick,
A. M., Wu, H. C, Kim, C,, Nguyen, M., Pham, P., Cheuk, R., Karlin-
Newmann, G., Liu, S. X., Lam, B., Sakano, H., Wu, T., Yu, G., Miranda, M.,
Quach, H. L, Tripp, M., Chang, C. H,, Lee, J. M., Toriumi, M., Chan,
M. M, Tang, C. C,, Onodera, C. S., Deng, ]. M., Akiyama, K., Ansari, Y.,
Arakawa, T., Banh, J., Banno, F., Bowser, L., Brooks, S., Carninci, P., Chao,
Q., Choy, N,, Enju, A., Goldsmith, A. D., Gurjal, M., Hansen, N. F., Ha-
yashizaki, Y., Johnson-Hopson, C., Hsuan, V. W, lida, K., Karnes, M.,
Khan, S., Koesema, E., Ishida, ], Jiang, P. X, Jones, T., Kawai, J., Kamiya, A.,
Meyers, C., Nakajima, M., Narusaka, M., Seki, M., Sakurai, T., Satou, M.,
Tamse, R., Vaysberg, M., Wallender, E. K., Wong, C., Yamamura, Y., Yuan,
S., Shinozaki, K., Davis, R. W., Theologis, A., and Ecker, J. R. (2003) Science
302, 842—846

Weiner, M. P., Costa, G. L., Schoettlin, W, Cline, J., Mathur, E., and Bauer,
J. C. (1994) Gene (Amst.) 151, 119-123

Whitelegge, J. P. (2004) Methods Mol. Biol. 251, 323-340

Jander, G., Norris, S. R, Rounsley, S. D., Bush, D. F., Levin, I. M, and Last,
R. L. (2002) Plant Physiol. 129, 440 —450

Rebeille, F., Bligny, R., and Douce, R. (1984) Plant Physiol. 74, 355—359
Lee, R. B, Ratcliffe, R. G., and Southon, T. E. (1990) J. Exp. Bot. 41,
1063-1078

Farré, E. M., Tiessen, A., Roessner, U., Geigenberger, P., Trethewey, R. N,
and Willmitzer, L. (2001) Plant Physiol. 127, 685-700

Wolucka, B. A, and Van Montagu, M. (2003) J. Biol. Chem. 278,
47483-47490

Sasaki-Sekimoto, Y., Taki, N., Obayashi, T., Aono, M., Matsumoto, F.,
Sakurai, N., Suzuki, H., Hirai, M. Y., Noji, M., Saito, K., Masuda, T, Taka-
miya, K., Shibata, D., and Ohta, H. (2005) Plant J. 44, 653— 668

Frey, P. A. (1996) FASEB J. 10, 461-470

Wolucka, B. A, and Van Montagu, M. (2007) Phytochemistry 68,
2602-2613

VOLUME 283 +NUMBER 27-+JULY 4, 2008



