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UDP-xylose (Xyl) is an important sugar donor for the synthesis of glycoproteins, polysaccharides, various metabolites, and
oligosaccharides in animals, plants, fungi, and bacteria. UDP-Xyl also feedback inhibits upstream enzymes (UDP-glucose
[Glc] dehydrogenase, UDP-Glc pyrophosphorylase, and UDP-GIcA decarboxylase) and is involved in its own synthesis and
the synthesis of UDP-arabinose. In plants, biosynthesis of UDP-Xyl is catalyzed by different membrane-bound and soluble
UDP-GIcA decarboxylase (UDP-GlcA-DC) isozymes, all of which convert UDP-GIcA to UDP-Xyl. Because synthesis of
UDP-Xyl occurs both in the cytosol and in membranes, it is not known which source of UDP-Xyl the different Golgi-localized
xylosyltransferases are utilizing. Here, we describe the identification of several distinct Arabidopsis genes (named AtUXS
for UDP-Xyl synthase) that encode functional UDP-GIcA-DC isoforms. The Arabidopsis genome contains five UXS genes
and their protein products can be subdivided into three isozyme classes (A-C), one soluble and two distinct putative
membrane bound. AtUxs from each class, when expressed in Escherichia coli, generate active UDP-GIcA-DC that converts
UDP-GIcA to UDP-Xyl. Members of this gene family have a large conserved C-terminal catalytic domain (approximately 300
amino acids long) and an N-terminal variable domain differing in sequence and size (30-120 amino acids long). Isoforms of
class A and B appear to encode putative type II membrane proteins with their catalytic domains facing the lumen (like
Golgi-glycosyltransferases) and their N-terminal variable domain facing the cytosol. Uxs class C is likely a cytosolic isoform.
The characteristics of the plant Uxs support the hypothesis that unique UDP-GlcA-DCs with distinct subcellular localizations

are required for specific xylosylation events.

UDP-Xyl is a nucleotide sugar required for the
synthesis of diverse plant cell wall polysaccharides
including xyloglucan (Ray, 1980; Hayashi and Mat-
suda, 1981; White et al., 1993; Baydoun and Brett,
1997), xylan (Rodgers and Bolwell, 1992), and minor
plant metabolites (Rose et al., 1996, Martin et al.,
1997). UDP-Xyl is also required for the synthesis of
glycoproteins (Zeng et al., 1997; Strasser et al., 2000),
animal proteoglycans (Gotting et al., 2000; Kuhn et
al., 2001), and fungal polysaccharides (Ankel et al.,
1967). Biochemical and immunocytochemical studies
have provided evidence that the synthesis of these
polysaccharides occurs in the lumen of the Golgi
apparatus and is catalyzed by various xylosyltrans-
ferases that transfer Xyl from UDP-Xyl onto acceptor
molecules (Moore et al., 1991; Baydoun and Brett,
1997; Bolwell, 2000).

In plants, the biosynthesis of UDP-Xyl occurs both
in the cytosol and in membrane-bound compartments.
The synthesis of UDP-Xyl is catalyzed by different
membrane-bound and soluble UDP-GIcA decarboxyl-
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ase (UDP-GIcA-DC) isoforms, all of which convert
UDP-GIcA to UDP-Xyl (Neufeld et al., 1958; Feingold
et al., 1960; John et al., 1977a, 1977b; Hayashi et al.,
1988).

In plants, the major route by which UDP-Xyl is
produced is via UDP-Glc (Feingold, 1982; Tenhaken
and Thulke, 1996; Gibeaut, 2000; see Fig. 1A). UDP-
Glc dehydrogenase (UDP-Glc-DH), a cytosolic en-
zyme (Stewart and Copeland, 1998), converts UDP-
Glc to UDP-GIcA (Seitz et al., 2000). The cytosolic
UDP-GlcA-decarboxylase (UDP-GlcA-DC) isozyme
converts UDP-GIcA to UDP-Xyl (John et al., 1977a;
Kyossev et al., 1995). UDP-Glc-DH, however, is in-
hibited by UDP-Xyl (Feingold, 1982; Stewart and
Copeland, 1998). In addition, UDP-Xyl was also
found to regulate in vitro production of UDP-Glc by
inhibiting UDP-Glc pyrophosphorylase (Ray and
Abdul-Baki, 1968). Such feedback inhibition could
regulate the flux of the conversion of UDP-Glc to
UDP-GlcA, UDP-Xyl, UDP-Ara, UDP-GalA, and
UDP-apiose in plants. These UDP sugars are the
source of approximately 40% of the wall polysaccha-
ride mass. UDP-GIcA can also be generated by oxi-
dation of myo-inositol (Loewus and Loewus, 1980),
but the relative amount of UDP-GIcA produced in
this way is unclear and could be tissue specific (Seitz
et al., 2000).
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Figure 1. A, Metabolic routes involved in the synthesis of UDP-Xyl.
Synthesis of UDP-Xyl occurs both in the cytosol and in membrane-
bound compartments. B, Possible intermediates (in brackets) in-
volved in the enzymatic conversion of UDP-GlcA to UDP-Xyl, based
on Feingold (1982).

How the metabolic flux and balance of these di-
verse UDP sugars is regulated, and how this regula-
tion affects the biosynthesis of plant polysaccharides
and glycoproteins, is far from being understood. Fur-
thermore, biochemical studies suggest that the xylo-
sylation of various polymers may take place in dif-
ferent Golgi cisternae (Baydoun and Brett, 1997;
Baydoun et al., 2001). Hayashi et al. (1981, 1988) dem-
onstrated that the Golgi consists of membrane-bound
UDP-GIcA-DC that readily converts UDP-GIcA to
UDP-Xyl upon which a xylosyltransferase incorpo-
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rates the Xyl residue into xyloglucan polysaccharide.
How the different Golgi-localized xylosyltransferases
receive their supply of UDP-Xyl is unclear. For exam-
ple, does a specific Golgi-xylosyltransferase utilize
UDP-Xyl made in the cytosol or UDP-Xyl made in the
Golgi compartment?

The cellular roles of UDP-Xyl, and the various UDP-
GlcA-DC isozymes that are required to generate UDP-
Xyl in plants, are complex and many questions related
to sugar nucleotide flux (Dalessandro and Northcote,
1977a, 1977b; Amino et al., 1985, Robertson et al.,
1995), subcellular compartmentalization, and the sites
of UDP-Xyl synthesis remain to be answered. Here,
we describe the identification of a functional Arabi-
dopsis gene family encoding soluble and putative
membrane-bound isoforms of UDP-GIcA-DC.

RESULTS
Protein Alignment of AtUXS Gene Family

Analysis of Arabidopsis genomic and expressed se-
quence tag (EST) sequences revealed at least five dif-
ferent GenBank entries (Table I) with amino acid se-
quence similarity to the UDP-GIcA-DC gene product,
Uxs, isolated from C. neoformans (Bar-Peled et al.,
2001). The existence in plants of several membrane-
bound and soluble UDP-GIcA-DC isozymes is consis-
tent with prior biochemical data (Feingold et al., 1960;
John et al., 1977a, 1977b; Hayashi et al., 1988) and
suggests that multiple genes for this enzyme are
present in plants. We decided to isolate and charac-
terize three isoforms of the UDP-GIcA-DC gene family
from Arabidopsis because they contained the con-
served functional motifs found in the catalytic domain
of Uxs from C. neoformans and also appeared distinct
from each other at the N terminus region (see below).
Three Arabidopsis cDNA clones designated AtUXS1,
AtUXS2, and AtUXS3 were generated using reverse
transcription (RT)-PCR. Nucleotide sequence compar-

Table I. Chromosomal location and amino acid sequence similarity between Arabidopsis AtUXS and with UXS-like genes in other organisms

National Center for Biotechnology Information (NCBI) BLAST analyses of the Arabidopsis genomic database (The Arabidopsis Information
Resource) were performed using the AtUXS cDNAs described in this study (AtUXS1, 2, and 3). AtUxs2 was used to compare, by BLAST analysis,
the amino acid sequence similarity between the various Uxs. Note: The sequence identity/similarity between AtUxs3 and AtUxs5 is 92/96. The
activity of Uxs in Cryptococcus neoformans (Bar-Peled et al., 2001) and in rat (Rattus norvegicus; Moriarity et al., 2002) was confirmed. The

activity of AtUxs1, 2, and 3 is confirmed in this publication.

UDP-GlcA-Decarboxylase ACCESSIF)n no- (Based on The ChromoAS(A)meA, Predicted Molecular Amino Acid
Genes Arabidopsis Information Map Position in Mass of the Protein Identity/Similarity
Resource Database or NCBI*?) Arabidopsis
kD
AtUXS1-Arabidopsis AT3g53520 3, ~80 cM 48.3 68/79
AtUXS2-Arabidopsis AT3g62830 3, ~100 cM 49.9 100
AtUXS3-Arabidopsis AT5g59290 5, ~125 cM 38.5 72/83
AtUXS4-Arabidopsis AT2g47650 2, ~100 ctM 49.9 88/92
AtUXS5-Arabidopsis AT3g46440 3, ~75cM 38.3 71/83
Uxs-rat *aak85410 - 47 63/76
Uxs-C. neoformans *aak59981 - 47.4 61/76

2An asterisk indicates NCBI database.
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Figure 2. Amino acid sequence comparison of
AtUxs1 to AtUxs2 and AtUxs3. A, ClustalX
alignment of the conserved amino acid se-
quences of AtUxs1, 2, and 3. The N terminus

A. AtUxsl I6RKRLRIVVTGGAGFVGSHLVDKLIGRG-DEVIVIDNFFTGRKENLVHLFSNPRFELIRHD 175
AtUxs2 117 RKGLRVVVTGGAGFVGSHLVDRLMARG-DTVIVVDNFFTGRKENVMHHFSNPNFEMIRHD 174
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ison of clone AtUXS1 matched a partial Arabidopsis
EST (accession no. be038709) DNA sequence. The gene
for AtUXS1 was found to be located on chromosome 3
(accession no. al1232966 or AT3g53520; see Table I).
cDNA clone AtUXS2 matched several ESTs as well as

variable H variable |:|

Conserved D [:| catalytic domain (mar
GxxGxxG S YxxxK

genes and the C. neoformans UXS gene appear to
long to a gene family that shares similarity with

The amino acid alignment between the conserved re-
gions of the putative Arabidopsis UDP-GlcA-DC iso-
forms is shown in Figure 2. The Arabidopsis UXS

be-
de-

an Arabidopsis ¢cDNA clone ATD18MR (Kushnir et
al., 1995) with unknown function. The gene for
AtUXS2 was also found to be located on chromosome
3 (accession no. al162651 or AT3g62830). cDNA clone
AtUXS3 matched several ESTs that share nucleotide
identity with a genomic clone on chromosome 5 (ac-
cession no. abol6890 or AT5g59290). NCBI BLAST
analysis (Altschul et al., 1997) of the three cDNA
clones (AtUXS 1-3) isolated from Arabidopsis dem-
onstrated that the encoded proteins share 59%, 61%,
and 57% amino acid sequence identity, respectively, to
the C. neoformans UDP-GlcA-DC gene product UXS.
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hydratases, dehydrogenases, and epimerases. These
genes have several fingerprint sequence motifs, in-
cluding an N-terminal GxxGxxG sequence that is
characteristic of the ADP-binding BaBaB-fold (Ros-
mann fold) associated with NAD(P)-binding proteins
(Weirenga et al., 1986). The GxxGxxG motif (Fig. 2B) is
probably located at amino acid position 126 to 132 in
AtUxs1, amino acid position 125 to 131 in AtUxs2, and
amino acid position 36 to 42 in AtUxs3. The first step
in the dehydratase and epimerase enzyme mecha-
nisms is the abstraction of the 4-hydroxyl proton and
hydride transfer from the C4 position of the sugar to

Plant Physiol. Vol. 130, 2002
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Figure 3. AtUxs 1, 2, and 3 are UDP-GlcA-decarboxylase isozymes.
Total soluble protein (10 ug) derived from E. coli expressing, sepa-
rately: AtUXS1(A1-88), 1, Uxs1; AtUXS2(A1-95), 2, Uxs2; AtUXS3,
3, Uxs3; or control vector, 4, vector, was incubated for 60 min with
1 mm UDP-GlcA and 1 mm NAD™ for 60 min. The products of the
reactions were separated over a Hypersil strong anion exchange
(SAX)-HPLC column. 5, Elution positions of standard nucleotides and
nucleotide sugars. The chromatography peak that migrated with the
same retention time as authentic UDP-Xyl was collected and ana-

lyzed by "H-NMR spectroscopy. Similar results were obtained using
total soluble proteins or desalted protein fraction.

NAD". This mechanism is well studied in UDP-Glc
epimerase and 4,6-dehydratase (Baker and Blasco,
1992; Liu et al., 1997). This mechanism requires a
catalytic triad whereby Ser and Lys are suggested to
activate Tyr to abstract the C4-proton to yield a
nucleotide-4-keto sugar intermediate (Fig. 1B). The

Plant Physiol. Vol. 130, 2002
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Uxs gene family contains a characteristic and highly
conserved Ser, Tyr, and Lys triad. The Ser residue is
probably located at amino acid position 232 in AtUxs1,
position 231 in AtUxs2, and position 143 in AtUxs3.
The Tyr and Lys residues of the YxxxK motif are
probably located at amino acid positions 262 to 266
(AtUxs1), 261 to 265 (AtUxs2), and 176 to 180
(AtUxs3). Although the core catalytic domain of the
AtUxs is conserved, variable regions were identified
in the Arabidopsis UXS gene family at the N and C
terminus (Fig. 2A). Analysis of the three cDNAs using
the PSORT program (version 6.4; Hartmann et al.,
1989; Nakai and Kanehisa, 1992) indicated that cDNA
AtUXS1 and AtUXS2 likely encode putative type II
membrane proteins. The N-terminal extension region
of protein AtUxsl and AtUxs2 have low amino acid
sequence identity and can be divided into three do-
mains. The first approximately 45-amino acid domain
of AtUxsl and AtUxs2 has a predicted cytoplasmic
region (amino acids 1-48 and 1-43, respectively). The
cytosolic domain is followed by a 16-amino acid hy-
drophobic putative membrane-spanning domain
(amino acids 49-65 and 44-60, respectively). The pu-
tative membrane domain is followed by a “stem do-
main” (approximately 50 amino acids) that represents
a variable amino acid linker region spanning from
amino acids 66 to 115 and 61 to 116, respectively.
Overall, the N-terminal approximately 120-amino
acid-long extension region of AtUxs1 has no sequence
similarity to AtUxs2 (or AtUxs4); therefore, we classi-
fied them as class A and B putative membrane-bound
UDP-GIcA-DC isoforms. The Arabidopsis clone en-
coding protein AtUxs3 lacks the N-terminal extension
region, suggesting that it is a soluble protein. The large
(>350 amino acid) C terminus region of AtUxs1 (ami-
no acids 66—433) and AtUxs2 (amino acids 61-445) is
proposed to face the lumen of an endomembrane com-
partment. A variable region at the carboxy terminus
was also observed in the different AtUxs (Fig. 2). The
last 19 amino acids of AtUxs2 are not found in AtUxs3
and they do not share any homology with the carboxy
terminus region of AtUxsl.

AtUxs Gene Isoforms Encode Active
UDP-GIA Decarboxylase

Protein derived from Escherichia coli expressing
each gene construct was assayed for the ability to
convert UDP-GIcA to UDP-Xyl. Because both pro-
teins AtUxs1 and AtUxs2 have a variable N-terminal
extension region each consisting of a putative mem-
brane domain, we express these recombinant pro-
teins in E. coli with or without that hydrophobic
domain. The 338-amino acid-long truncated version
of AtUxs1 (i.e. AtUxs1A1-88; Fig. 3, panel 1) and the
full-length soluble AtUxs3 (Fig. 3, panel 3) readily
converted substantial amounts of UDP-GIcA into a
product that co-eluted like the UDP-Xyl standard on
an HPLC column. The 352-amino acid truncated ver-
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Table Il. NMR analysis of the enzymatic reaction products produced by recombinant AtUxs1 and

AtUxs3

UDP-GIcA-DC assays were performed for 60 min with T mm UDP-GlcA and the total soluble protein
extract derived from E. coli cells expressing recombinant AtUxs1(A1-88), AtUxs3, or empty vector
control. The reaction products were separated over a Hypersil SAX-HPLC column (Phenomenex,
Torrance, CA) and chromatography peaks that migrated with the same retention time as authentic
UDP-Xyl were collected and analyzed by "H-NMR spectroscopy. The chemical shifts (in ppm) of UDP-
Xyl enzymatically formed by AtUxs1(A1-88), UDP-Xyl enzymatically formed by AtUxs3, and UDP-Xyl
standard (std) that was separated on HPLC were obtained in D,O at 25°C and referenced to internal
acetone at 52.218 relative to 3-(trimethylsilyl)-1-propanesulfonic acid. Scalar coupling constants (J, in
Hz) for some internal residues are also indicated. Identical chemical shift results were obtained with the
standard UDP-Xyl dissolved in D,O. The exact UDP-Xyl chemical shifts were also obtained when HPLC
peaks were collected after enzyme assays were carried on with AtUxs3 with or without NAD™.

Moeity H1 H2 H3 H4 H5, 5’ H6
Xyl 5.517 3.483 3.679 3.592 3.72 -
3, ,3.5 %), ,8.9 3),48.9 - - -
3, p7.0 3, p3.5 - - - -
Rib 5.938 4.34 4.255 4.34 4.15-4.22 -
Uridine - - - - 5.960 7.0
- - - - 5.956 7.927

sion of AtUxs2 (AtUxs2A1-95) converted lower
amounts of UDP-GIcA into UDP-Xyl (Fig. 3, panel 2)
when compared with AtUxsl and AtUxs3. For un-
known reasons, the expression of AtUxs2 in E. coli
resulted in a less active enzyme. E. coli expressing the
vector control (Fig. 3, panel 4), full-length AtUxsl
protein, or full-length AtUxs2 protein had no detect-
able UDP-GIcA-DC activity. The products that comi-
grated on HPLC-like UDP-Xyl (Fig. 3, panels 1 and 3)
were collected and analyzed by 'H-NMR spectros-
copy (Table II). The AtUxs1A1-88 and AtUxs3 enzy-
matic products and authentic UDP-Xyl gave compa-
rable one-dimensional proton spectra. The signal
corresponding to each proton was assigned using two-
dimensional proton-proton correlated spectroscopy
and confirmed that the product produced by AtUxsl
and AtUxs3 was UDP-Xyl. The small °*J;H1,H2 cou-
pling constant of 3.5 Hz established that the xylosyl
residue had the a-anomeric configuration as expected
for UDP-Xyl. Taken together, these data establish that
the expressed Arabidopsis genes (AtUXS1 and
AtUXS3) encode UDP-GIcA decarboxylases. AtUxs2
gave a product that also comigrated with UDP-Xyl
(Fig. 3, panel 2). However, the product was not formed
in amounts sufficient for conclusive identification by
'"H-NMR spectroscopy. Nevertheless, when taken to-
gether, our data suggest that all three genes encode
UDP-GIcA-DC; thus, the genes have been named
AtUXS1, 2, and 3 (UDP-Xyl Synthase).

Biochemical Characterization of AtUxs

Biochemical analyses were performed to character-
ize the catalytic activity of the Arabidopsis UDP-
GlcA-DC expressed in E. coli. This study was re-
stricted to purified AtUxs3 (Fig. 4). AtUxs3 does not
require an exogenous supply of metal for activity,
nor does EDTA inhibit UDP-Xyl synthesis (Table III).
However, the AtUxs activity was affected, to differ-
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ent extents, by the addition of cations. For example,
calcium and manganese ions inhibited AtUxs3 by
more than 30%. The presence of 5 mm DTT was
required during AtUxs3 protein isolation to maintain
enzyme activity, and only at high concentrations of
DTT (50 mM) was some reduction in enzymatic ac-
tivity observed. We found the enzyme to be very
stable in crude extracts; when stored at —20°C, only
a 5% reduction in activity was observed after 1 year.
AtUxs (1, 2, or 3) are very specific for UDP-GIcA and
none of the nucleotide sugars tested (UDP-Glc, UDP-
Gal, UDP-Man, GDP-Glc, or GDP-Man) were used as
substrates by the AtUxs (data not shown). The AtUxs
also did not convert UDP-GalA (the 4-epimer of
UDP-GIcA) into a product, even at high concentra-
tions, suggesting that Uxs display stereospecific rec-
ognition of the hydroxyl and hydrogen attached to
C4 of GlcA. Further inhibitor studies were carried out
with various nucleotides, nucleotide sugars, and co-
enzymes (Table 1V). UTP, TTP, and TDP strongly
inhibit AtUxs3 activity, whereas UMP and TMP had
negligible effects on AtUxs3 activity. The activity of
partially purified wheat germ UDP-GIcA-DC was
reduced by 80% in the presence of 0.3 mm UDP-Xyl
(John et al., 1977a), but the Arabidopsis AtUxs3 ac-
tivity was reduced by only approximately 35% at 2
mm UDP-Xyl (Table 1V), suggesting differences be-
tween the wheat enzyme and the bacterially ex-
pressed Arabidopsis enzymes. Nevertheless, the abil-
ity of UDP-Xyl to inhibit UDP-GlcA-DC suggests that
end product inhibition is a mechanism whereby the
activity of AtUxs could be regulated in vivo.

None of the AtUxs studied (1-3) require exogenous
NAD™ to convert UDP-GIcA to UDP-Xyl, suggesting
that NAD" is strongly associated with AtUxs as has
been observed with other plant isoforms (Feingold et
al., 1960; John et al., 1977a; Feingold, 1982; Hayashi et
al., 1988). Inhibition studies were carried out with
various co-enzymes (Table IV) in an effort to compete

Plant Physiol. Vol. 130, 2002
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Figure 4. Purification of active UDP-GIcA-DC (AtUxs3). A, Purified AtUxs3 was incubated with T mm UDP-GlcA and 1T mm
NAD™ for 0 (1) or 15 (2) min. The products of the reactions were separated over a Phenomenex SAX-HPLC column. The
retention times of std UDP-Xyl and UDP-GIcA are indicated. B, SDS-PAGE of AtUxs3 during purification. Total soluble E.
coli protein expressing AtUXS3 (lane 2) was desalted (lane 3) and purified over an Ni column (lane 4). Lane 1, Marker
proteins with the indicated molecular masses. The molecular mass of recombinant AtUxs3 (42.6 kD; arrow) is larger than
the native AtUxs3 (38.5 kD) because of the N-terminal His-6 amino acid tag fusion that facilitates purification.

with the enzyme-associated-NAD". NADH, NADP ",
or NADPH, at 2 mM concentration, did not inhibit
Arabidopsis AtUxs3 activity. However, NADH com-
pletely inactivates the Uxs derived from C. neofor-
mans (Bar-Peled et al., 2001). Taken together, these
results suggest that the Arabidopsis Uxs proteins
contain tightly bound NAD™.

Initial kinetic studies indicate that the amount of
UDP-Xyl formed from UDP-GIcA by AtUxs is linear
for up to 20 min. Further kinetic studies performed at
15 min indicated that AtUxs3 has an apparent K, of
0.51 mm based on Lineweaver-Burk and Hanes-
Woolf plots (Fig. 5, A and B) at a UDP-GIcA concen-
tration ranging between 0.125 and 4 mw. Partially
purified AtUxs1 has an apparent K, of 0.19 mm (data
not shown). Similar K., values (0.53 and 0.18 mwm)
were obtained for the two isozymes partially purified
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from wheat germ (John et al, 1977a). The Golgi
membrane-associated UDP-GlcA-DC from soybean
(Glycine max) has an apparent K, of 0.24 mwm,
whereas the soluble isozymes have a higher K, value
of 0.7 mM (Hayashi et al., 1988), suggesting that the
membrane-bound isozymes have a higher affinity for
UDP-GIcA. AtUxs3 had a broad pH range and activ-
ity was observed between pH 4.5 and 9.5, with max-
imum activity at pH 5.5 (Fig. 6A). Approximately
30% of AtUxs3 activity was obtained at pH 9.5 and
complete inactivation occurred at pH values below
3.2 (Fig. 6A). Interestingly, pre-incubation of the en-
zyme with NAD™ at pH 3.2 for a period of 30 min
retained 60% of the UDP-GIcA DC activity (Fig. 6B)
when compared with controls. The enzyme also dem-
onstrated activity over a broad temperature range.
AtUxs3 was active between 22°C and 42°C, with
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Table Ill. Effect of additives on AtUxs3 activity

Protein was separately mixed with each additive for 30 min on ice.
1 mm UDP-GlcA was added and the reactions were incubated for 20
min at 30°C.

Additive and Concentration in Assay Relative Uxs Activity®

%

Water 100
5 mm EDTA 97
10 mm MgCl, 88
10 mm MnCl, 65
10 mm CaCl, 70
10 mm MgSO, 87
50 mm NH,CI 89
50 mm CHO,NH, 93
50 mm NaCl 89
50 mm Dithiothreitol (DTT) 86
5% (w/v) Suc 101
5% (v/v) Glycerol 108

“The data are the average relative amount of UDP-Xyl produced
compared with the control (water) from two experiments and the
values varied by no more then 10%. 100% corresponds to 42 nmol
UDP-Xyl produced.

maximum activity at 30°C (data not shown). No ac-

tivity was observed at temperatures higher than
55°C.

Expression of AtUxs1, 2, and 3 in Arabidopsis

The expression of gene specific AtUxs transcripts
was determined by RT-PCR. Transcripts of AtUXS1,
2, and 3 were observed in all tissue examined (Fig. 7).
Transcript encoding the putative membrane-bound
AtUxs2 (class B) was expressed at similar levels as
the transcript encoding the soluble AtUxs3 isoforms
(Fig. 7, lanes 2 and 3). Transcript of the gene encod-
ing class A putative membrane-bound isoform
AtUxsl (Fig. 7, lane 4) was lower in most tissues
compared with class B (AtUXS2) and AtUXS3. How-
ever, it appears that in flowers, the AtUXS1 expres-
sion level is higher compared with the other tissues.

DISCUSSION

The UXS gene family members we have cloned are
not unique to Arabidopsis. Members of this gene fam-
ily are found (based on EST databases) in monocots
and dicots and appear to be expressed throughout all
stages of plant growth and development. The UXS
gene family is not restricted to higher plants because it
was also identified in a cDNA library from a green
alga, Chlamydomonas reinhardtii. In addition, UXS ho-
mologs were identified in human (Homo sapiens), rat
(Rattus norvegicus), Drosophila melanogaster, and bacte-
ria genomic databases, indicating that Uxs proteins
are evolutionarily conserved. Two more UXS-like se-
quences (AtUXS4 and AtUXS5) were identified in the
Arabidopsis genome (Table I) and cDNA library, but
they were not analyzed because they each share high
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amino acid sequence identity with AtUxs2 and
AtUxs3, respectively (AtUXS4, accession no.
at2g47650, which shares 92% protein amino acid se-
quence similarity to AtUxs2; and AtUXS5, accession
no. at3g46440, which shares 95% amino acid similarity
to AtUxs3). AtUXS1, 2, and 5 are located on chromo-
some III of Arabidopsis, AtUXS 3 is on chromosome
V, and AtUXS54 is located on chromosome II.

The first step in the conversion of UDP-GIcA to
UDP-Xyl, the oxidation to UDP-4-keto-GlcA, is
thought to require NAD™" (Feingold, 1982). Studies of
UDP-GIcA decarboxylase activity from Cryptococcus
laurentii indicated an absolute requirement for exog-
enous NAD™ (Ankel and Feingold, 1966). However,
the isozymes from plants do not require an exoge-
nous supply of NAD" (Ankel and Feingold, 1965;
John et al., 1977a; Feingold, 1982; Hayashi et al., 1988)
and this study indicates that the Arabidopsis AtUxs3,
as well as AtUxsl and AtUxs2, do not require an
exogenous NAD™". Thus, our data are consistent with
the notion that NAD" is tightly bound to the en-
zymes (Ankel and Feingold, 1965; John et al., 1977).
Similar to the enzyme from wheat germ, NADH has
no discernible affect on Arabidopsis Uxs3 (Table IV),
Uxsl, or Uxs2 (data not shown). However, it should
be noticed that the Uxs from C. neoformans is com-
pletely inactivated by NADH (Bar-Peled et al., 2001).

Table IV. Effect of nucleotide and nucleotide sugars on AtUxs3
activity

Protein was separately mixed with each additive for 30 min on ice.
One millimolar UDP-GlcA was added and the reactions were incu-
bated for 20 min at 30°C. Data are the average relative amounts of
UDP-Xyl produced compared with the control (no additives). One
hundred percent corresponds to 40 nmol UDP-Xyl produced.

Additive and Concentration in the Assay Relative Uxs Activity®

%

Water 100
2 mm UDP-Glc 93
2 mm UDP-Gal 94
2 mm GDP-Man 101
2 mm GDP-Glc 102
2 mm UDP-Xyl 65
2 mm NAD™ 110
2 mm NADH 104
2 mm NADPH 100
2 mm NADP* 100
1T mm UMP 85
1T mm UDP 17
1T mm UTP 14
1T mm TMP 93
1 mm TDP 26
1T mmTTP 33
2 mm GMP 94
2 mm GDP 92
2 mm GTP 89
2 mm CMP 98
2 mm CDP 95

*Each value is the mean of duplicate reactions and the values
varied by no more than 10%.
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Figure 5. Kinetic studies of AtUxs3. UDP-GIcA-DC assays were
performed with increasing amounts of UDP-GIcA (0.125-4 mm).
Duplicate assays were conducted for 15 min at 30°C. Lineweaver-
Burk and Hanes-Woolf plots were obtained with an R* > 0.96.

These dissimilarities between the effect of NADH on
the plant AtUxs and the C. neoformans enzymes may
result from differences in their affinities for the co-
enzyme. This is made more likely by the demonstra-
tion that UDP-4-Glc epimerase from human and E.
coli have different affinities for NAD" (Thoden et al.,
2000). The bacterial UDP-4-Glc epimerase was
shown, by x-ray crystallography, to form 19 hydro-
gen bonds with NAD™, whereas only 11 bonds are
proposed to occur between NAD" and the human
UDP-4-Glc epimerase (Thoden et al., 2000).
Previous literature on UDP-GIcA decarboxylase ac-
tivities has indicated that the subcellular localization
of the enzymes from different sources varies. Al-
though some UDP-GIcA-DC isoforms are cytosolic
(i.e. soluble; Feingold et al., 1960; Ankel and Fein-
gold, 1965; John et al., 1977a; Hayashi et al., 1988),
other isoforms are membrane bound (Feingold, 1982;
Hayashi et al., 1988). The Arabidopsis UDP-GIcA-DC
AtUxs3 and AtUxs5 appear to be soluble, whereas
the AtUxsl, AtUxs2, and AtUxs4 proteins have hy-
drophobic N-terminal extensions that suggest a type
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II transmembrane protein topology. In plants, Ha-
yashi et al. (1988) provided evidence for the localiza-
tion of a UDP-Glc-DC activity in Golgi membranes.
Thus, it is likely that the Arabidopsis AtUxsl,
AtUxs2, and AtUxs4 may function in the Golgi ap-
paratus. In animal systems, UDP-GIcA was found to
be transported into Golgi vesicles using the SQV7
gene product (Berninsone et al., 2001), and UDP-
GlcA-DC activity was also found to face the Golgi
lumen (Kearns et al., 1993). That the orthologs of the
Arabidopsis UXS gene found in human, rat, and D.
melanogaster databases appear to encode membrane
proteins also argues for Golgi localization of some of
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Figure 6. Effect of pH on the activity of AtUxs3. A, Assays were
carried out for 20 min at 30°C with 1 mm UDP-GIcA in 0.1 m
sodium-phosphate or Tris-HCI at the indicated pH values. B, Protein
was pre-incubated with or without 0.5 mm NAD™ at the indicated
pHs for 30 min on ice. The pH was then adjusted to neutrality, and
1 mm UDP-GlcA and 1T mm NAD™ were added. Duplicate reactions
were incubated for 20 min at 30°C. The data are the mean and varied
by no more than 5%. The relative amount of UDP-Xyl produced is
plotted; 100% equals 41 nmol of UDP-Xyl produced.
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Figure 7. Expression of AtUXS1, 2, and 3 in Arabidopsis. Total RNA
isolated from flowers, stems, roots, and rosette leaves of fully mature
plants (Leaf A, 6-week-old plants), or rosette leaves of 3-week-old
plants (Leaf B) was used to amplify by RT-PCR AtUXS-specific cDNA.
The following gene-specific transcripts were amplified by RT-PCR: 4,
1,317-bp AtUXST; 3, 1,341-bp AtUXS2; and 2, 1,046-bp AtUXS3. As
internal RT-PCR controls, the amplification of the CAB79762 gene
whose cDNA sequence is expressed in all EST databases examined
resulted in a predicted 1,302-bp DNA fragment (5), and a portion of
the actin gene was RT-PCR amplified using degenerated primers
(McKinney et al., 1995) to yield a 495-bp fragment (1). The data are
representative of at least three independent RT-PCR reactions.

the AtUxs. The fact that the three (AtUXS 1-3) genes
were expressed in all tissue examined (Fig. 7)
prompts us to speculate that the cellular localization
of each AtUxs isozyme may indicate a specific met-
abolic function for each unique UDP-GIcA-DC. Fur-
ther research aimed at localizing each AtUxs and
understanding the functional role of each isozyme is
under way.

MATERIALS AND METHODS

Cloning and RT-PCR Analysis of Arabidopsis
UDP-GIcA-DC Genes

Arabidopsis genomic and expressed tag cDNA databases were BLAST
searched using the amino acid sequence of a UDP-GIcA-DC gene (USX,
GenBank accession no. AF385328) from Cryptococcus neoformans (Bar-Peled
et al., 2001). Several ESTs and genomic sequences were identified and used
to design primers to obtain the corresponding Arabidopsis genes by RT-
PCR. In brief, total RNA was isolated (Chomczynski, 1993) from flowers,
rosette leaves, or stems obtained from 3- or 6-week-old Arabidopsis ecotype
Columbia plants. RNA was also isolated from roots obtained from 4-week-
old Arabidopsis plants grown in liquid media as described by Bar-Peled and
Raikhel (1997). RNA from each tissue was reverse transcribed using 1 mm
oligo(dT) primer and 200 units of SuperScript II-reverse transcriptase (Life
Technologies/Gibco-BRL, Cleveland). After incubation with 2 units of
RNase H (Life Technologies/Gibco-BRL), the resulting reverse transcriptase
products were used as a template for PCR using high-fidelity Platinum Tag
DNA polymerase (Life Technologies/Gibco-BRL) and gene-specific prim-
ers. For amplification of AtUXS1 (clone no. 42), the sense primer 40-1S
5' agt-act-atg-aag-cag-ctt-cac-aag-caa-atg-agc-tc and the antisense primer
40-2AS 5" gcg-gee-get-tag-aga-cct-tta-cct-teg-tet-tcg were used. For amplifi-
cation of AtUXS2 (clone no. 71), the sense primer 70-1#S 5" cat-atg-gcg-agc-
gag-ctg-atc-aat-cgg-cg and the antisense primer 70-2AS 5" gcg-gce-get-caa-
gct-gaa-gtt-gte-ttg-gtg-gtg-g were used. For amplification of AtUXS3 (clone
no. 101), the primer set used was 101-1S sense primer 5’ aga-att-ccc-atg-gca-
gct-aca-agt-gag-aaa-cag, and the antisense primer used was 101-2AS 5’
geg-gee-get-tag-ttt-ctt-ggg-acg-tta-age-ctt-ag.  RT-PCR  reaction products
were cloned into pCR2.1-TOPO plasmid (Invitrogen, Carlsbad, CA), se-
quenced, and the nucleotide sequence was submitted to GenBank (accession
no. AF387787, AtUxs1; accession no. AF387788, AtUxs2; and accession no.
AF387789, AtUxs3). The DNA coding region of each gene was further
subcloned from plasmid pCR2.1 into a pET Escherichia coli expression vector
(Novagen, Madison, WI), resulting in clones pMBP (nos. 42, 71, and 101).
Truncated versions of Uxs1 and Uxs2, that lack the transmembrane domain,
were generated as follows. Clone 43 (AtUXS1A1-88 amino acids) and clone
71b (AtUXS2A1-71 amino acids) were generated by digesting clone 42 with
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Sall-Xhol, or clone 71 with BamHI-Not], respectively. Each DNA was in-
serted in-frame into the pET vector (Novagen) digested with the same
enzymes.

The protein sequence for UDP-GIcA-DC from Arabidopsis has been
deposited in the GenBank database (GenBank accession nos.: AtUxsl,
AAK70880; AtUxs2, AAK70881; and AtUxs3, AAK70882).

For AtUXS expression studies in Arabidopsis (Columbia), samples of
total RNA (3 ug; from flowers of 6-week-old plants, fully expanded rosette
leaves of 6-week-old plants, stems of 6-week-old plants, roots of 4-week-old
plants, or rosette leaves of 3-week-old plants) were reverse transcribed into
c¢DNA in 20-pL reactions with 200 units of SuperScript II reverse transcrip-
tase (Invitrogen) and primed with 1 mm oligo(dT) in the manufacturer’s
recommendation buffer. One-twentieth of each of the reverse-transcribed
products was used as template for PCR reactions using 0.5 units of Taq DNA
polymerase (Boehringer Mannheim/Roche, Basel), manufacturer’s buffer,
1.5 mm MgCl,, and 1 mm gene-specific sense and antisense primers: AtUxs1,
40-1S 5' agt-act-atg-aag-cag-ctt-cac-aag-caa-atg-agc-tc and 40-2AS 5’ gcg-
gec-get-tag-aga-cct-tta-cet-teg-tet-teg; AtUxs2, 70-1#S 5' cat-atg-geg-agce-gag-
ctg-atc-aat-cgg-cg and 70-2AS 5’ gcg-gec-get-caa-get-gaa-gtt-gte-ttg-gtg-
gtg-g; and AtUxs3, 101-1S 5' aga-att-ccc-atg-gca-gct-aca-agt-gag-aaa-cag
and 101-2AS 5’ gcg-gee-get-tag-ttt-ctt-ggg-acg-tta-age-ctt-ag. As internal RT-
PCR controls, we used actin primers ACT119S and ACT284A (McKinney et
al., 1995; a gift from R. Meagher, University of Georgia, Athens), and
primers encoding highly expressed gene product cab79762 based on EST
databases (183-cab79762 BspHI/S 1 5' ATC-ATG-atg-cct-tca-ata-gaa-gat-gag-
ctg-ttt-c and 183-cab79762 BamHI/AS2 5" GGA-TCC-tta-atg-tac-aag-ctt-ggc-
ttt-agt-att-g). One-fifth of each sample and DNA M, marker were resolved
on a 1% (w/v) agarose gel and stained with ethidium bromide. All RNA
samples were determined to be free of genomic DNA contamination.

Protein Expression, Purification, and Enzyme Assays

E. coli strain BL21(DE3) pLysS (Novagen), carrying the various pMBP
vectors or control pET vector alone, was induced with 1 mm isopropyl-B-
p-thiogalactoside for approximately 3 h at approximately 25°C. Cells were
collected, washed with cold water, resuspended in lysis buffer (50 mm
Tris-HCl [pH 8] containing 20% [v/v] glycerol, 1 mm EDTA, 5 mm DTT, and
0.5 mm phenylmethylsulfonyl fluoride), and ruptured in a French Press. The
suspension was centrifuged (20,000¢ for approximately 30 min, 4°C), and
the supernatant fraction was collected, fractionated on Sephadex G-25 col-
umn as described by Bar-Peled et al. (1991), and stored at —20°C. AtUxs3
was furthered purified over a nickel column as described by Bar-Peled et al.
(2001). The standard 50-uL. UDP-GIcA-DC (Uxs) assays contained 0.1 m Tris
HCI (pH 7.4; or 0.1 M sodium-phosphate [pH 5.5]), 1 mm UDP-GIcA, and up
to 10 ug of protein. Where indicated, 1 mm NAD™ was added to the std
assay. Assays were performed at 30°C for 20 min (unless otherwise speci-
fied) and stopped by the addition of 50 uL of phenol:chloroform (1:1 [v/v]).
The mixture was vortexed and centrifuged at 16,000¢ for 5 min at room
temperature. The aqueous phase was retained, and the lower phase re-
extracted with 80 uL of water. The two aqueous phases were combined and
analyzed by HPLC using SAX-Hypersil or SAX-Phenosphere ion-exchange
columns (250 X 4.6 mm). Nucleotide sugars were separated at 1.5 mL min ™!
using a potassium-phosphate gradient (Bar-Peled et al., 1991) or at 1 mL
min~! using an ammonium-formate gradient (2-600 mM in 25 min; Bar-
Peled et al., 2001). Nucleotides and nucleotide sugars were detected by UV
Aysy (PDA, Waters, Milford, MA), and the elution times of the assay prod-
ucts were compared with authentic nucleotide sugar standards (Sigma, St.
Louis).

"H-NMR Spectroscopic Analysis of the Products
Formed by AtUxsl, 2, and 3

UV-absorbing peaks eluting from the SAX column in ammonium formate
were collected. Each sample was lyophilized, dissolved in water, relyophi-
lized twice, and exchanged twice with 99.96% D,O. Proton NMR spectros-
copy was performed at 25°C on an Inova spectrometer (Varian, Palo Alto,
CA) operating at 500 and 600 MHz (Bar-Peled et al., 2001).
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