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l-Fucose (l-Fuc) is a monosaccharide constituent of plant cell wall polysaccharides and glycoproteins. The committing step
in the de novo synthesis of l-Fuc is catalyzed by GDP-d-mannose 4,6-dehydratase, which, in Arabidopsis, is encoded by the
GMD1 and GMD2 (MUR1) genes. To determine the functional significance of this genetic redundancy, the expression
patterns of both genes were investigated via promoter-�-glucuronidase fusions and immunolocalization of a Fuc-containing
epitope. GMD2 is expressed in most cell types of the root, with the notable exception of the root tip where strong expression
of GMD1 is observed. Within shoot organs, GMD1::GUS expression is confined to stipules and pollen grains leading to
fucosylation of the walls of these cell types in the mur1 mutant. These results suggest that GMD2 represents the major
housekeeping gene for the de novo synthesis of GDP-l-Fuc, whereas GMD1 expression is limited to a number of specialized
cell types. We conclude that the synthesis of GDP-l-Fuc is controlled in a cell-autonomous manner by differential expression
of two isoforms of the same enzyme.

l-Fuc is a monosaccharide constituent of various
glycoproteins and polysaccharides synthesized by
plant cells. It is found predominantly in xyloglucan,
a hemicellulosic polysaccharide that is believed to
cross-link cellulose microfibrils (Bacic et al., 1988;
Carpita and Gibeaut, 1993). l-Fuc is also present in
the pectic polysaccharides rhamnogalacturonan I and
II and in root mucilage, which is believed to lubricate
the root as it travels through the soil matrix in addi-
tion to providing protection during periods of
drought (Greenland, 1979; Rougier, 1981; Baldo et al.,
1983).

The localization of l-fucosylated xyloglucan poly-
mers within root cell walls has been accomplished
with the use of an antibody directed against the
terminal l-Fuc epitope of this hemicellulose (Puhl-
mann et al., 1994). These studies have shown that
l-Fuc is found in almost all cells walls of the devel-
oping Arabidopsis root tip, although in different
amounts (Freshour et al., 1996). More intense labeling
was found in the epidermal and lateral root cap cells,

which may be due to the presence of a thicker cell
wall. Immunogold labeling and electron microscopy
established that outer lateral root cap cell walls were
heavily labeled, whereas interior-facing walls of
these cells were not (Freshour et al., 1996). Terminal
l-Fuc-containing epitopes were also found in most
cells from mature portions of the root but were ab-
sent from the radial cross walls of endodermal cells
(Freshour et al., 1996). These studies suggest that the
synthesis of fucosylated polysaccharides is differen-
tially regulated at the cellular and whole-root level in
Arabidopsis. If this is the case, the de novo synthesis
of l-Fuc may be tightly regulated to provide neces-
sary precursors when and where they are needed
during the development of the Arabidopsis root.

The biosynthesis of l-Fuc occurs through the con-
version of GDP-d-Man to GDP-l-Fuc in three cata-
lytic steps: 4,6-dehydration, 3,5-epimerization, and
4-reduction (for review, see Feingold and Avigad,
1980; Reiter and Vanzin, 2001). These activities are
carried out by two enzymes, a GDP-d-Man 4,6-
dehydratase and a GDP-4-keto-6-deoxy-d-Man (GDP-
KDM) 3,5-epimerase-4-reductase (synonymous with
GDP-l-Fuc synthase) in bacteria, animals, and plants
(Tonetti et al., 1996; Bonin et al., 1997; Sturla et al.,
1997; Ohyama et al., 1998; Sullivan et al., 1998; Bonin
and Reiter, 2000; see Fig. 1 for details). Characteriza-
tion of the l-Fuc-deficient mur1 mutant of Arabidop-
sis led to the cloning of a gene, GMD2 (MUR1),
encoding a plant GDP-d-Man 4,6-dehydratase (Bonin
et al., 1997). This mutant was isolated in a screen for
deficiencies in monosaccharide composition of leaf
tissue (Reiter et al., 1993, 1997). Analyses of other
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tissues of mur1 plants revealed that l-Fuc is virtually
absent from stems, flowers, and siliques but is only
reduced by about 40% in roots (Reiter et al., 1993).
These results suggested that a root-specific 4,6-
dehydratase might be present in Arabidopsis. An-
other coding region, designated GMD1, with high
sequence similarity to GMD2 both on the nucleotide
and amino acid levels, was isolated from a cDNA
library (Bonin et al., 1997). The present work de-
scribes the biochemical characterization of the GMD1
protein and the determination of expression patterns
of the two isoforms of GDP-d-Man 4,6-dehydratase
in Arabidopsis.

RESULTS

Cloning of the GMD1 Gene

A cDNA copy of the GMD1 gene was cloned pre-
viously (Bonin et al., 1997). To isolate a full-length
genomic clone corresponding to GMD1, an Arabi-
dopsis �EMBL3 library was screened with the cDNA
clone. From approximately 100,000 plaques used in
the primary screen, five GMD1 genomic clones were
identified. The insert from one of these clones was
isolated, cloned into a plasmid vector, and se-
quenced. This sequence revealed an open reading
frame of 361 amino acids showing 92% identity and
97% sequence similarity to GMD2 on the amino acid
level (Fig. 2). On the nucleotide level, the GMD1 and
GMD2 coding regions share 82% identity; however,
the sequences upstream and downstream of the re-
spective coding regions showed no significant se-
quence similarities, which is in line with the obser-
vation that GMD1 and GMD2 have markedly

different expression patterns (see below). Recently,
the GMD1 gene was sequenced by the Arabidopsis
Genome Initiative (2000) and placed at the bottom of
chromosome 5. The GMD1 sequences determined by
us and by the Arabidopsis Genome Initiative were
identical.

GMD1 Is Expressed Mainly in Roots

Based on our previous findings that the mur1 mu-
tant contains substantial amounts of l-Fuc within its

Figure 1. Schematic representation of the de novo pathway for the
synthesis of GDP-L-Fuc. The procedure for the quantitation of GDP-
KDM is indicated at the right.

Figure 2. Amino acid alignments between the Arabidopsis GMD1
and GMD2 proteins. Residues that are identical between the two
sequences are highlighted by dark shading. The GxxGxxG motif
involved in binding of the NAD� cofactor and the catalytic triad
consisting of a Ser residue and a YxxxK motif (Mulichak et al., 2002)
are indicated.

Figure 3. Northern-blot analysis of total RNA extracted from roots,
leaves, stems, flowers, and siliques of wild-type Arabidopsis and
probed with 32P-labeled GMD1 and GMD2 coding regions.
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roots, we wished to determine if the GMD1 gene is
transcribed within this tissue. Northern blots were
performed to determine the transcript size and ex-
pression patterns of both GMD1 and GMD2. Total
RNA was extracted from roots, leaves, stems, flow-
ers, and siliques. The blot was probed with GMD1
and GMD2. GMD2 transcripts were highly abundant
in roots and flowers and less abundant in leaves,
stems, and siliques (Fig. 3). GMD1 appeared to be
expressed mostly in roots, but after long exposures,
weak hybridization was detectable in other tissues,
particularly in flowers, even at very high stringency
(Fig. 3). The approximate size of each transcript was
1.5 kb for both GMD1 and GMD2, which is in accor-
dance with the longest cDNAs isolated.

GDP-D-Man 4,6-Dehydratase Activity Is
Present in mur1 Roots

To correlate GMD1 mRNA expression with GDP-
d-Man 4,6-dehydratase activity in roots, crude pro-
tein extracts from mur1 and wild-type roots were
assayed for this enzymatic activity. These assays re-
vealed that mur1 root extracts produced less GDP-
KDM than extracts from wild-type roots (44% con-
version in the case of mur1 versus 57% conversion in
the case of wild type). To assay the entire GDP-l-Fuc
biosynthetic pathway in wild-type and mur1 roots,
NADPH was added to the reaction mixture, permit-
ting the conversion of GDP-KDM to GDP-l-Fuc (Bo-

nin et al., 1997). These experiments indicated a re-
duction in the synthesis of l-Fuc in mur1 extracts
compared with wild type (30% conversion in the case
of mur1 versus 48% conversion in the case of wild
type). Taken together, these results provide evidence
that the partial Fuc-deficiency in mur1 roots is caused
by a reduction in GDP-d-Man 4,6-dehydratase
activity.

Recombinant GMD1 Protein Has GDP-D-Man
4,6-Dehydratase Activity in Vitro

To verify the predicted function of the GMD1 pro-
tein, the open reading frame was cloned into the
pET28b expression vector such that a carboxy-
terminal His tag was incorporated into the recombi-
nant enzyme, which was utilized for affinity purifi-

Figure 4. Coomassie Blue-stained SDS-polyacrylamide gel of crude
and Ni-NTA purified GMD1 protein from Escherichia coli. Mr de-
notes a size marker.

Figure 5. Autoradiograph of 14C-labeled sugars from assays of re-
combinant GMD1 protein for 4,6-dehydratase activity. Boiled (lane
1) and native (lane 2) GMD1 protein was incubated with radiola-
beled GDP-D-Man. Nucleotide sugars were hydrolyzed to monosac-
charides before loading. The sample in lane 2 was reduced with
NaBH4 before hydrolysis, which leads to the formation of a mixture
of D-Rha and 6-deoxy-D-talose.

Cell Type Specificity of l-Fuc Synthesis
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cation of the protein. SDS-PAGE of the recombinant
protein before and after purification indicated that
GMD1 could be highly purified via nickel-

nitrilotriacetic acid agarose (Ni-NTA) chromatogra-
phy and encodes a protein of approximately 43 kD
(Fig. 4), which is in agreement with its predicted size

Figure 6. GMD1::GUS and GMD2::GUS expression patterns in roots, hypocotyls, cotyledons, and true leaves. GMD1::GUS
(A) and GMD2::GUS (B) root tips 3 d post-germination. GMD1::GUS (C) and GMD2::GUS (D) emerging lateral roots.
GMD1::GUS (E) and GMD2::GUS (F) immature lateral root tips. GMD1::GUS (G) and GMD2::GUS (H) mature lateral roots.
GMD1::GUS (I) and GMD2::GUS (J) root-hypocotyl junctions. GMD1::GUS (K) and GMD2::GUS (L) apical meristems and
stipules. GMD1::GUS (M) and GMD2::GUS (N) cotyledon surfaces and guard cells (insets). GMD1::GUS (O) and
GMD2::GUS (P) true leaf surfaces with trichomes and guard cells (insets).
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based on the amino acid sequence including the His
tag (42.1 kD).

To assay GMD1 for 4,6-dehydratase activity, GDP-
d-[14C]Man was incubated with purified recombi-
nant GMD1 protein. As shown in Figure 5, lane 2,
GDP-d-[14C]Man was converted to GDP-KDM (seen
as a mixture of 6-deoxy-d-talose and d-Rha). These
experiments demonstrate that, like the GMD2 pro-
tein, GMD1 exhibits GDP-d-Man 4,6-dehydratase ac-
tivity in vitro.

GMD1 and GMD2 Are Differentially Expressed

To further explore the expression patterns of GMD1
and GMD2, DNA sequences upstream of the start
codon were transcriptionally fused to �-glucuronidase
(GUS) in the pCAMBIA 1391Z and 1381Z vectors,
respectively, and transformed into Arabidopsis.
Antibiotic-resistant T1 plants were transferred to soil
and allowed to self. T2 plants collected at different
developmental stages were then stained for GUS ac-
tivity. Three independent lines sharing identical ex-
pression patterns were used for further analysis.

GMD1::GUS expression was seen a few days after
germination at the tip of the developing primary root
(Fig. 6A), whereas GMD2::GUS expression was found
in all other regions of the plant except for the root

meristem and the proximal part of the elongation
zone (Fig. 6B). The expression of GMD1::GUS was
primarily localized to the root meristem and colu-
mella root cap and showed some irregular expression
through the lateral root cap and the epidermal cells
close to the root tip at 3 d post-germination, and this
expression pattern was maintained throughout
growth (Fig. 6A). GMD2::GUS was expressed in a few
columella root cap cells and the developing vascula-
ture at 3 d post-germination (Fig. 6B) and also con-
tinued to be expressed throughout the growth of the
primary root (Fig. 6D). Neither GMD1::GUS nor
GMD2::GUS expression was detectable in emerging
lateral roots (Fig. 6, C and D, respectively), but ex-
pression of both genes occurred at later stages of
lateral root development (Fig. 6, E and F, respec-
tively) and mimicked the expression observed within
the primary root at maturity (Figs. 6, G and H, re-
spectively). To determine whether GMD1 expression
changes in response to the lack of GMD2 activity, we
introduced the GMD1::GUS construct into the mur1
genetic background via standard crossing proce-
dures. Staining for GUS activity indicated that the
expression pattern of GMD1 was the same in wild-
type and mur1 plants (data not shown).

A more extensive analysis of promoter-GUS plants
indicated that GMD1 was expressed in some

Figure 7. GMD1::GUS and GMD2::GUS ex-
pressional analysis of flowers. GMD1::GUS (A)
and GMD2::GUS (B) whole florets. GMD1::
GUS (C) and GMD2::GUS (E) young flowers.
GMD1::GUS (D) and GMD2::GUS (F) flowers
just before anthesis. Close-up of GMD1::GUS
(G) and GMD2::GUS (I) anthers just before an-
thesis. GMD1::GUS (H) and GMD2::GUS (J) sta-
mens postanthesis. Arrows point to GUS-
expressing anthers or pollen grains.
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aboveground tissues, specifically in stipules and in
pollen grains. GMD1::GUS and GMD2::GUS expres-
sion could be seen in leaf stipules at 3 d post-
germination (Fig. 6, K and L, respectively).
GMD1::GUS expression was not seen at the root-
hypocotyl junction or in cotyledons (Fig. 6, I and M,
respectively), whereas GMD2::GUS was expressed in
both of these regions, specifically within the vascu-
lature and guard cells of the cotyledons (Fig. 6, J and
N, inset, respectively). Inspection of true leaves re-
vealed that GMD2::GUS was primarily expressed in
trichomes and guard cells (Fig. 6P), whereas
GMD1::GUS was not (Fig. 6O). Staining for GUS
activity in whole developing florets indicated that
GMD1 and GMD2 are transiently expressed in pollen
just before anthesis (Fig. 7, A and B). Closer inspec-
tion of individual flowers at different stages of de-
velopment confirmed this initial finding. At early
stages of flower development, neither GMD1 nor
GMD2 were expressed in pollen grains (Fig. 7, C and
E, respectively), but were switched on at a slightly
more developed stage (Fig. 7, D and F, respectively).
This can be seen more clearly in a close-up of
GMD1::GUS and GMD2::GUS anthers (Fig. 7, G and I,
respectively). The expression of both GMD2 and
GMD1 in only a subset of the pollen may be attrib-
uted to a different stage of development for pollen
derived from single anthers. After inspecting several
flowers, it seemed as if the development of pollen
from individual anthers lacked synchronicity. A small
percentage of flowers examined had anthers where it
appeared as if all of the pollen grains were staining for
GUS activity, suggesting that synchronous pollen de-
velopment may be a rare event. After anthesis, expres-
sion of both GMD1 and GMD2 was no longer ob-
served (Fig. 7, H and J). GMD1 transcription was not
seen in any other floral organs, whereas GMD2 tran-
scription was observed in portions of the inflorescence
stem, the vasculature of flowers, the style, but not the
stigma and the ovary (Fig. 7, B, E, and F).

Because aboveground tissues of mur1 plants, which
carry a mutation in GMD2, do not contain significant
amounts of Fuc as determined by glycosyl composi-
tion analyses (Reiter et al., 1993), the expression of
the GMD1::GUS fusion in stipules and pollen grains
was unexpected and warranted closer examination
using an independent method. The monoclonal anti-
body, CCRC-M1 (Puhlmann et al., 1994), detects fu-
cosylated xyloglucans in Arabidopsis under the ex-
perimental conditions used in this study (Freshour et
al., 2003). The CCRC-M1 antibody labeled the walls
of all stipule cells but did not label any other cells in
the rosette of mur1 plants (Fig. 8). In wild-type plants,
all cell walls of the leaves and stipules were labeled
by CCRC-M1 (data not shown). Immunolabeling
with CCRC-M1 of anthers from wild-type and mur1
plants yielded staining of all floral cell walls in wild-
type plants (Fig. 9B), whereas immunoreactivity was
strictly confined to pollen grains in anthers from

mur1 plants (Fig. 9D). All pollen grains stained with
approximately equivalent intensities in wild-type
and mur1 plants.

DISCUSSION
We have demonstrated that a gene with sequence

similarity to the previously characterized GMD2
(MUR1) gene (Fig. 2) encodes a functional GDP-d-
Man 4,6-dehydratase that catalyzes the committing
step in the conversion of GDP-d-Man to GDP-l-Fuc
(Fig. 5). The identification and characterization of a
second gene involved in the biosynthesis of l-Fuc
adds to our understanding of nucleotide sugar for-
mation in Arabidopsis and raises new questions re-
garding the regulation of cell wall polysaccharide
biosynthesis in plants.

GMD1 transcription appears to be essentially root
specific (Fig. 3), although it was also detected in
stipules and in pollen grains (Figs. 6 and 7). The
expression in roots was expected based on our initial
hypothesis that a gene other than GMD2 must be

Figure 8. Immunofluorescent labeling with CCRC-M1 of transverse
sections through the rosette of a 21-d-old mur1 plant. A, Light
micrograph of stipules (indicated by arrows) and portions of adjacent
leaves. B, Adjacent section with immunofluorescent labeling with
CCRC-M1.
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responsible for the presence of l-Fuc in mur1 roots,
which is approximately 60% that of wild-type roots
(Reiter et al., 1993). This transcriptional expression
pattern correlated with a decreased 4,6-dehydratase
activity in mur1 roots as compared with wild-type
roots, suggesting that the GMD1 protein is responsi-
ble for synthesis of the remaining l-Fuc found within
this tissue. An evaluation of the entire Arabidopsis
genome (Arabidopsis Genome Initiative, 2000) did
not reveal any candidate genes for GDP-d-Man 4,6-
dehydratase other than GMD1 and GMD2. Accord-
ingly, the production of all l-Fuc in Arabidopsis
appears to depend on the activity of these two genes.

We used GMD1::GUS and GMD2::GUS plants to
more closely examine the transcriptional expression
patterns of these genes in Arabidopsis (Figs. 6 and 7).
These experiments have provided us with compel-
ling evidence that GMD1 is not only transcribed
within specific cells of the root but is temporally
expressed within stipules and pollen. As expected
from the presence of l-Fuc in mur1 roots and our
GMD1 northern data (Fig. 3), GMD1::GUS expression
was found to be localized mainly in the root but
appeared to be confined to the tips of both the pri-
mary root and lateral roots with particularly strong
expression in the meristematic and columellar root
cap zones (Fig. 6, A, E, and G). These results are in
remarkable agreement with immunolocalization
studies carried out with the CCRC-M1 antibody on
roots of the mur1 mutant, where only the walls of
meristematic and columellar cells of mature roots
stained (Freshour et al., 2003).

Interestingly, neither GMD1 nor GMD2 appeared
to be expressed in the lateral root primordia (Fig. 6, C
and D), yet the walls of wild-type root primordia
contain fucosylated xyloglucans as demonstrated by
CCRC-M1 immunolabeling (Freshour et al., 2003).

Furthermore, GMD1::GUS expression was undetect-
able in root hairs both in the wild-type and mur1
genetic backgrounds even though root hairs of mur1
plants react strongly with the CCRC-M1 antibody
(Freshour et al., 2003). These results suggest that the
sensitivity of GMD1::GUS and GMD2::GUS expres-
sion assays is not always sufficient to predict the
presence of the CCRC-M1 epitope presumably be-
cause of posttranscriptional events that are not de-
tectable by reporter gene studies. On the other hand,
we never encountered an instance where the pres-
ence of the CCRC-M1 epitope was expected based on
reporter gene expression but not observed by
immunocytochemistry.

GMD2 appears to be expressed in all other parts of
the plant, which was expected based on our previous
characterization of the mur1 mutant and the omni-
presence of l-Fuc in Arabidopsis. Aside from the
columella root cap, GMD2 expression is switched on
within the elongation zone of the root where differ-
entiation of specialized cell types occurs. Specifically,
GMD2 is expressed to a high degree in the develop-
ing stele (Fig. 6B) and to a lesser degree within sur-
rounding cells. Because specialized transport cells
within the vasculature require a strong cell wall to
resist conductive forces, the production and insertion
of fucosylated polymers may aid in their integrity.
Immunolocalization data using the CCRC-M1 anti-
body did not show significant differences in labeling
intensity of the vasculature versus surrounding cells
(Freshour et al., 1996), suggesting that if the high
levels of GMD2 expression observed in the stele lead
to increased Fuc production, this Fuc is incorporated
into glycoconjugates other than xyloglucan. Exam-
ples of other fucosylated glycoconjugates that are not
recognized by CCRC-M1 include glycoproteins and
rhamnogalacturonan II, of which the latter has been

Figure 9. Immunofluorescent labeling with
CCRC-M1 of transverse sections of stage 13
flowers of Arabidopsis. A and B, Wild-type
plants. C and D, mur1 plants. A and C, Sections
stained with toluidine blue. B and D, Immuno-
fluorescent labeling with CCRC-M1. a, Anther;
c, carpel; f, filament; pt, petal; p, pollen grain.
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shown recently to play a significant role in control-
ling growth characteristics of plant cells (O’Neill et
al., 2001). The strong expression of GMD2 in guard
cells may similarly reflect a high demand for GDP-
l-Fuc for glycoconjugates needed to strengthen or
otherwise influence the properties of these special-
ized cell walls. Intense labeling of wild-type guard
cell walls by CCRC-M1 suggests that these walls
contain higher levels of xyloglucan than walls of
other leaf cells (Fig. 10).

The expression of GMD1 in stipules and pollen was
unexpected but could be confirmed by l-Fuc immu-
nolocalization studies in these tissues from mur1
plants. It appears clear that both GMD1 and GMD2
are expressed in pollen to provide Fuc for the syn-
thesis of the pollen grain wall (Fig. 9). In addition,
expression of these two genes just before anthesis
might provide sufficient amounts of GDP-d-Man 4,6-
dehydratase to permit l-Fuc synthesis during pollen

tube growth after pollen germination. Labeling of
mur1 pollen tubes by the CCRC-M1 antibody has
been observed (Freshour et al., 2003), suggesting the
persistence of GMD1 activity through pollen germi-
nation and pollen tube growth.

Stipules represented the only vegetative shoot or-
gan where both GMD1 and GMD2 were strongly
expressed, presumably reflecting a high demand for
GDP-l-Fuc in these leaf-like structures. Stipules from
Arabidopsis are characterized by elaborate endo-
membrane systems (Bowman, 1994) that may play a
role in the synthesis of fucosylated glycans.

Our examination of the biochemical function and
expression patterns of the GMD1 and GMD2 genes
raises the question of why Arabidopsis maintains
two enzymes with the same catalytic function in a
nucleotide sugar interconversion pathway. Although
both GMD1 and GMD2 are GDP-d-Man 4,6-
dehydratases, the two proteins may differ in terms of
protein stability, kinetics, and regulatory properties
such as feedback inhibition. Differences in these
properties may make one isoform more suitable for
specific cell types than the other one. Although l-Fuc
can be recycled via a salvage pathway, plants cannot
convert this 6-deoxysugar into other monosacchar-
ides, making it an end product destined to be incor-
porated into cell wall polymers and glycoproteins.
Accordingly, the de novo synthesis of GDP-l-Fuc
needs to be tightly regulated, presumably in part at
the posttranscriptional and/or posttranslational
levels.

The final steps in the conversion of GDP-d-Man to
GDP-l-Fuc are catalyzed by GDP-l-Fuc synthase, an
enzyme encoded by the GER1 gene in Arabidopsis
(Bonin and Reiter, 2000). Like GMD2, the GER1 gene
is expressed in all major plant organs and appears to
account for virtually all GDP-l-Fuc synthase activity,
at least in leaf material. The Arabidopsis genome
contains a close homolog to GER1 that is transcribed
and likely to encode an isoform of GDP-l-Fuc syn-
thase (Bonin and Reiter, 2000). It will be interesting to
determine the precise expression patterns of the
GER1 and “GER2” genes to see whether they are
coordinately regulated with GMD2 and GMD1,
respectively.

MATERIALS AND METHODS

Plant Material

Plants were grown in environmental chambers at 23°C and 60% to 70%
humidity under continuous fluorescent light (60–70 �mol m�2 s�1). Wild-
type plants of the Columbia ecotype were used for the isolation of DNA
and RNA.

Isolation of the GMD1 Gene

GMD1 genomic clones were isolated from a �EMBL3 library constructed
by CLONTECH Laboratories Inc. (Palo Alto, CA) using DNA from the
Columbia ecotype of Arabidopsis. Synthesis of a digoxigenin-labeled hy-
bridization probe was accomplished by random primer labeling of the
EcoRI/BamHI insert fragment of the cDNA isolated previously (Bonin et al.,

Figure 10. Immunolabeling with CCRC-M1 of thin sections taken
from cotyledons of 5-d-old wild-type seedlings. A, Immunofluores-
cent labeling with CCRC-M1. Arrows point to pairs of heavily labeled
guard cells. B, Immunogold labeling of a single guard cell located
between stomatal air space (as) and an epidermal cell (ep).
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1997). The �EMBL3 library was screened with the digoxigenin-labeled probe
using the colorimetric detection system supplied by Boehringer Mannheim
(Indianapolis). Lambda clones hybridizing to the DNA probe were grown
in liquid media using standard procedures (Sambrook et al., 1989), and
DNA was purified using the lambda DNA purification kit (Qiagen Inc.,
Chatsworth, CA). Two hybridizing SalI fragments that corresponded to 5�
and 3� portions of the gene due to a SalI site within the coding sequence
were isolated from the largest lambda clone and ligated separately to
SalI-digested pBluescript KS� vector. The ligation products were trans-
formed into Escherichia coli XL1-Blue supercompetent cells (Stratagene,
La Jolla, CA).

Nucleic Acid Sequence Determination and Analysis

All sequencing reactions were done by the enzymatic method with
approximately 10 �g of template DNA using the Cy5 Auto Read Labeling
kit (Pharmacia, Piscataway, NJ) and an automated laser fluorescent se-
quencer (Pharmacia). Analysis of nucleic acid and derived amino acid
sequences of the GMD1 gene was carried out with MacVector software
(Oxford Molecular Group, Oxford). All DNA sequences were determined
from both strands.

Isolation and Analysis of Arabidopsis RNA

RNA was isolated from different organs of Arabidopsis plants as de-
scribed previously (Bonin et al., 1997). Root RNA was extracted from
2-week-old plants grown vertically under axenic conditions on agar plates
containing a nutrient mixture as described by Haughn and Somerville
(1986). Leaf RNA was extracted from 2-week-old plants, and RNA from
stems, flowers, and siliques was extracted from 4-week-old plants. Northern
blotting and transcript size determination was performed as described by
Bonin et al. (1997) using 32P-labeled GMD1 or GMD2 probes. An NcoI/NotI
fragment derived from pET28b/GMD1 and an NcoI/XhoI fragment derived
from pET28b/GMD2, which correspond to the coding region of each gene,
were used for random primer 32P labeling. Hybridizations and filter wash-
ings were done at 70°C using the buffer system described by Church and
Gilbert (1984). To verify equal loading of the lanes, filters were stripped
according to the protocol of the manufacturer (Amersham Pharmacia Bio-
tech, Piscataway, NJ) and reprobed with a 32P-labeled EcoRI fragment
derived from plasmid CD3–196 (obtained from the Arabidopsis Biological
Resource Center, Ohio State University, Columbus), which contains most of
an 18S rDNA gene from Arabidopsis.

Expression of the GMD1 Gene in E. coli

The sequences of oligonucleotide primers used for cloning of the GMD1
coding region into the pET28b expression vector (Novagen, Madison, WI)
were as follows: GMD1/pET28b-upper, 5�-TCCCATGGCCTCCAGATCT-
CTCAATGGCG-3�; and GMD1/pET28b-lower, 5�-TAAGCGGCCGCCGG-
TTGCTGCTGAGCGTCC-3�, engineering an NcoI site into the upper primer
and an NotI site into the lower primer. The PCR was performed in a volume
of 30 �L with approximately 50 ng of template (wild-type Columbia DNA)
using a model 2400 GeneAmp thermocycler and PCR Core Reagents (Perkin
Elmer, Foster City, CA) with the following conditions: denaturation of the
DNA at 95°C for 3 min, followed by 30 cycles of denaturation at 94°C for
30 s, annealing at 60°C for 1 min, extension at 72°C for 1 min, and final
extension at 72°C for 7 min. One unit of Taq DNA polymerase and 1 �g of
each primer were used in the reaction, and the final concentration of MgCl2
was 2 mm.

The GMD1 PCR product was cloned into the pET28b expression vector as
follows: A PCR fragment of the expected size was purified from an agarose
gel using the Qiaquick gel extraction kit (Qiagen), digested with NcoI and
NotI, and purified with the Qiaquick PCR purification kit. The pET28b
vector was digested with NcoI and NotI and purified as above. Ligation of
vector to insert DNA was followed by transformation of the construct into
E. coli BL21 (DE3) competent cells according to the manufacturer’s protocol
(Stratagene).

Purification of the recombinant protein via Ni-NTA columns was done
according to the manufacturer’s protocol (Qiagen) with slight modifications
of induction conditions. Culture flasks containing 50 mL of Luria-Bertani
broth and 50 �g mL�1 of kanamycin were inoculated with 1 mL of an

overnight culture and grown to an OD600 of approximately 0.6 at 37°C in a
rotary shaker at 250 rpm. Isopropyl �-d-thiogalactoside was then added to
a final concentration of 5 to 10 �m, and cultures were grown for an
additional 3 h at ambient temperature (approximately 25°C).

Enzyme Extraction and Assay

Crude enzyme extracts of Arabidopsis were prepared as described earlier
(Bonin et al., 1997). For assays of 4,6-dehydratase activity, 20 �L of these
extracts containing approximately 0.2 mg of total protein was mixed with
926 Bq of GDP-d-[14C]Man contained in 10 �L of 20 mm Tris-HCl (pH 7.6)
and incubated at 25°C overnight. NADPH was added to a final concentra-
tion of 5 mm for assaying the entire pathway from GDP-d-Man to GDP-l-
Fuc. The reactions were terminated by boiling for 3 min, and precipitated
protein was removed by centrifugation. All experiments using recombinant
GMD1 protein (approximately 3 �g per reaction) were pre-incubated over-
night at 25°C with 1 mm NAD� (final concentration) in 20 mm Tris-HCl (pH
7.6) in a final volume of 30 �L. Enzymatic activity of the GMD1 protein was
assayed by adding the above pre-incubation reaction to a tube containing
926 Bq of dried GDP-d-[14C]Man and incubating at 37°C for 90 min. Reac-
tions were boiled, reduced with 1 �mol of NaBH4 at 37°C for 1 h, and
hydrolyzed by addition of 100 �L of 2 m trifluoroacetic acid and incubation
at 95°C for 20 min. Samples were dried under vacuum and resuspended in
15 �L of 70% (v/v) ethanol. Resultant monosaccharides were separated by
thin-layer chromatography either on Baker-flex cellulose plates (J.T. Baker
Inc., Phillipsburg, NJ), developed in 1-butanol:acetic acid:water (12:3:5
[v/v]), dried, and developed further by ethyl acetate:pyridine:water (8:2:1
[v/v]) in the same dimension. Radioactivity was visualized by phosphor
imaging (Bio-Rad Laboratories, Hercules, CA), and authentic sugar stan-
dards run in parallel were stained with aniline-hydrogen phthalate (Fry,
1988). Quantification was performed with Molecular Analyst Software (Bio-
Rad Laboratories). Control experiments were performed using transformed
E. coli cells carrying the pET28b vector without an insert.

Construction of GMD1::GUS and GMD2::GUS Plants

To obtain regulatory sequences upstream of the GMD1 and GMD2 coding
regions, bacterial artificial chromosomes (BACs) were screened using gene-
specific probes. Texas A&M University and Institut für Genbiologische
Forschung BAC filters provided by the Arabidopsis Biological Resource
Center were screened with 32P-labeled GMD1 and GMD2 probes, respec-
tively, leading to the identification of four Texas A&M University BACs
hybridizing to the GMD1 probe and seven Institut für Genbiologische
Forschung BACs hybridizing to the GMD2 probe. Restriction analysis and
Southern hybridizations were performed with these BACs to determine the
amount of sequence upstream of the start codon. A 2.2-kb PstI/XhoI frag-
ment corresponding to GMD1, which contains 2.1 kb of sequence upstream
of the start codon, and a 5.0-kb BglII/ClaI fragment corresponding to GMD2,
which contains 3.5 kb of sequence upstream of the start codon, were cloned
separately into pBluescript KS� and transformed into E. coli XL1-Blue MRF1

as described above. To clone part of the 2.2-kb GMD1 fragment into pCAM-
BIA 1391Z (Center for the Application of Molecular Biology to International
Agriculture, Canberra, Australia), PCR was performed using a T7 primer
located in the vector and a GMD1-specific primer. The sequence of the
oligonucleotide primer used for cloning of the GMD1 upstream region into
the pCAMBIA 1391Z vector was as follows: PGDgus, 5�-AAGGATCC-
ATCAGAAGAAATGATTGG-3�, incorporating a BamHI site. The last 18 nu-
cleotides of this primer corresponded to positions �28 to �45 relative to the
GMD1 translational initiation codon. The PCR product and vector were then
cleaved with BamHI and PstI, purified, ligated, and transformed first into E.
coli XL1-Blue MRF1, followed by electroporation into Agrobacterium tumefa-
ciens GV3101 using a Bio-Rad Genepulser. One of several kanamycin-resistant
colonies was then used to transform Arabidopsis via vacuum infiltration
(Bechtold et al., 1993). T1 plants were selected on plates containing Murashige
and Skoog salts (Murashige and Skoog, 1962), 1% (w/v) Suc, 25 �g mL�1

hygromycin, and 500 �g mL�1 vancomycin. These were then transferred to
soil after 10 d and allowed to self. T2 plants were again selected on hygro-
mycin, transferred to soil, and allowed to self.

The regulatory sequences of the GMD2 gene were cloned in a similar
fashion except that a GMD2-specific primer and the pCAMBIA 1381Z vector
were used. The sequence of the oligonucleotide primer used for cloning of
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the GMD2 upstream region into the pCAMBIA 1381Z vector was as follows:
PMRgus, 5�-AATTGTCGACGGATCTGGGATTTCAGAG-3� incorporating a
SalI site. The last 19 nucleotides of this primer corresponded to positions
�13 to �31 relative to the GMD2 translational initiation codon. The remain-
ing steps for cloning were the same as for the GMD1 construct described
above except that SalI and BamHI were used.

Staining for GUS Activity

Promoter::GUS plants were stained for GUS activity as described by
Jefferson et al. (1987) using X-Gluc CHA salt (Inalco Pharmaceuticals, San
Luis Obispo, CA) at 37°C for 1 to 2 d. Plants were then dehydrated in an
ethanol series (15%, 30%, 50%, then 70% [v/v] ethanol; 30 min for each step)
and stored in this solution at room temperature.

Immunocytochemistry

Immunolocalization of the Fuc-containing CCRC-M1 epitope was carried
out as described by Freshour et al. (1996, 2003).
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