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In plants, L-arabinose (Ara) is a key component of cell wall polymers,
glycoproteins, as well as flavonoids, and signaling peptides.
Whereas the majority of Ara found in plant glycans occurs as a
furanose ring (Araf), the activated precursor has a pyranose ring
configuration (UDP-Arap). The biosynthesis of UDP-Arap mainly
occurs via the epimerization of UDP-xylose (UDP-Xyl) in the Golgi
lumen. Given that the predominant Ara form found in plants is
Araf, UDP-Arap must exit the Golgi to be interconverted into UDP-
Araf by UDP-Ara mutases that are located outside on the cytosolic
surface of the Golgi. Subsequently, UDP-Araf must be transported
back into the lumen. This step is vital because glycosyltransferases,
the enzymes mediating the glycosylation reactions, are located
within the Golgi lumen, and UDP-Arap, synthesized within the
Golgi, is not their preferred substrate. Thus, the transport of
UDP-Araf into the Golgi is a prerequisite. Although this step is
critical for cell wall biosynthesis and the glycosylation of proteins
and signaling peptides, the identification of these transporters has
remained elusive. In this study, we present data demonstrating
the identification and characterization of a family of Golgi-
localized UDP-Araf transporters in Arabidopsis. The application of
a proteoliposome-based transport assay revealed that four mem-
bers of the nucleotide sugar transporter (NST) family can efficiently
transport UDP-Araf in vitro. Subsequent analysis of mutant lines
affected in the function of these NSTs confirmed their role as
UDP-Araf transporters in vivo.
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The monosaccharide L-arabinose (Ara) is the second most
abundant pentose found in plants and comprises between

10% and 20% of the noncellulosic polysaccharide fraction of
Arabidopsis leaves (1). It is a key component of the pectic wall
polymer rhamnogalacturonan-I (RG-I) as well as being found in
hydroxyproline-rich glycoproteins (HRGPs) such as arabinoga-
lactan proteins (AGPs) and extensins (2, 3). Both, RG-I and
AGPs, share similar Ara-containing structures, which comprise
galactan chains substituted with terminal Ara, and possess rela-
tively large quantities of Ara in the form of α-1,5-linked and
-branched arabinan (4, 5). Single Ara residues are also present in
the complex pectic polymer rhamnogalacturonan-II (RG-II) (6).
In grasses, the majority of Ara is found in arabinoxylan, where it
occurs as a decoration of the xylan backbone (7). In dicots, such
as Arabidopsis, xylan is less frequently arabinosylated. However,
recently it was shown that an Arabidopsis AGP is covalently
linked to pectin and arabinoxylan (8). Ara is also found in
xyloglucans of some plant species (9). The XXGG-type xylo-
glucan found in Solanaceous species is characterized by branches
extended with Ara instead of D-galactose (Gal) (10). Ara resi-
dues are also critical for signaling processes because mature
signaling peptides such as CLAVATA3 require posttranslational
arabinosylation in the Golgi apparatus to be biologically active
and bind to their receptors (11). In addition to the occurrence of
Ara in cell wall polysaccharides, glycoproteins, and secreted

peptides, which are made in the Golgi lumen, it is also found in
the cytosol-biosynthesized flavonoids such as quercetin glycoside
(12) and myricetin glycoside (13).
Ara occurs in two different ring forms, the furanose and the

pyranose form. With few exceptions, for example, Ara found in
RG-II sidechain B (6), the majority of Ara found in plants, oc-
curs in the furanose form (Araf). This fact is somewhat surprising
because in solution, Ara mainly exists in the more stable pyra-
nose form (Arap). Likewise, the nucleotide sugar donor pre-
cursor for the biosynthesis of Ara-containing wall glycans is
formed as a pyranose ring (UDP-Arap) via two different path-
ways. UDP-Arap can be formed either de novo by 4-epimeriza-
tion of UDP-xylose (UDP-Xyl) in the Golgi lumen or via the Ara
salvage pathway in the cytosol (14–16). Like most UDP sugars,
most UDP-Arap is generated de novo in a sequential conversion
from UDP-glucose (UDP-Glc), and subsequently via UDP-
glucuronic acid (UDP-GlcA) and UDP-Xyl. The final in-
terconversion step from UDP-Xyl to UDP-Arap is catalyzed by
the UDP-Xyl 4-epimerase (UXE1). The Arabidopsis mutant
murus4 (mur4), which was identified in a mutant screen, affects
UXE1 activity (17) and has reduced amounts of cell wall Ara.
UXE1 is localized within the Golgi and its catalytic domain is
predicted to occur in the lumen (14). Thus, UDP-Arap synthesized
via the luminal interconversion pathway provides the substrate
for glycosylation reactions requiring UDP-Arap. Whereas it has
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been demonstrated that the cytosolic UDP-glucose 4-epimerases
UGE1 and UGE3 can also catalyze the C-4 epimerization of
UDP-Xyl to UDP-Arap in vitro (16), the uge1uge3 double mu-
tant does not show any reduction in cell wall Ara content (18).
Thus, a significant de novo interconversion pathway in the cy-
tosol, generating UDP-Arap for Ara-containing polysaccha-
rides assembled in the Golgi apparatus, is unlikely. Besides
these de novo pathways, UDP-Arap can also be generated in
the cytosol from free Ara released during degradation and
metabolism of Ara-containing compounds and polymers. The
Ara salvage pathway involves the sequential action of the
substrate-specific arabinokinase I (19) and a UDP-sugar
pyrophosphorylase with broad substrate specificity (15, 16).
Given that the predominant form of Ara found in plants is
Araf, UDP-Arap must be interconverted to UDP-Araf before
polymer incorporation. The mutase responsible for this re-
action was first identified in rice (20). In Arabidopsis, this re-
action is catalyzed by at least three UDP-Ara mutases
[reversibly glycosylated polypeptides (RGPs)], which have been
shown to function in the cytosol, although they seem to be
associated with the cytosolic side of the Golgi membrane (1).
The UDP-Araf synthesized in the cytosol requires transport
back into the lumen of the Golgi apparatus. This step is crucial,
because the glycosyltransferases (GTs), the group of enzymes
that mediate the biosynthesis of glycans for cell wall polymers,
are located within this compartment (21) and the pyranose
form, synthesized in the Golgi apparatus, is not the preferred
donor substrate. Therefore, to enable the biosynthesis of Araf-
containing wall polymers, transport of UDP-Araf from the cy-
tosol into the lumen is essential (Fig. S1).
In plants, a family of NSTs has evolved to enable the

transport of nucleotide sugars from the cytosol into the Golgi
lumen. The Arabidopsis NST family contains 51 members
falling into six subclades as part of the NST/triose phosphate
translocator (TPT) superfamily (22). Some Arabidopsis NSTs
localized in the Golgi and/or endoplasmic reticulum (ER) that

transport GDP-mannose, UDP-galactose, UDP-glucose, UDP–N-
acetylgalactosamine, and UDP–N-acetylglucosamine have been
reported in the past decade (23). Recently, a robust assay to
determine nucleotide sugar transport activities has been de-
veloped and enabled the characterization of the bifunctional
UDP-rhamnose/UDP-galactose transporter family, the UDP-
Xyl transporter family, the GDP-fucose transporter, and a
UDP-uronic acid transporter (22, 24–26).
Whereas the compartmentalization of UDP-Ara intercon-

verting mutases and GTs requiring UDP-Araf as activated donor
substrate clearly argues for the existence of an UDP-Araf
transporter, no such NST has yet been identified. Here, we re-
port the characterization of the UDP-Araf transporter (UAfT)
family from Arabidopsis. Using a refined transporter assay in
conjunction with detection by mass spectrometry, we show that
four members constituting the UAfT family are capable of effi-
ciently transporting UDP-Araf. Analysis of the subcellular lo-
calization indicates that all four members are present in the
Golgi apparatus supporting their function as Golgi UDP-Araf
transporters. An examination of plant lines overexpressing UDP-
Araf transporter candidates confirmed an in vivo function as
UDP-Araf transporters.

Results
Members of Clade VI of the NST Family Transport UDP-Araf. A sub-
strate screen conducted on the entire Arabidopsis NST family
identified members of clade VI subclade A (AT5G25400,
AT5G11230, AT4G32390, and AT2G25520) and subclade B
(AT3G17430 and AT1G48230) (Fig. S2) with specificities for
UDP-Araf when proteoliposomes were preloaded with UMP.
Each of these NSTs was heterologously expressed in yeast and its
presence in microsomal preparations was assessed by immuno-
blotting (Fig. 1A). The ability of each NST to transport nucleotide
sugar substrates was assessed by LC-MS/MS after conducting
the transport assay with 16 nucleotide/nucleotide sugar sub-
strates (listed in Table S1) against each of the putative exchange

Fig. 1. Determining the substrate specificity and
kinetics of UAfT candidates. (A) Immunoblot analysis
of microsomes isolated from yeast transformed with
the empty vector (control), UAfT1–4, AT3G17430,
and AT1G48230 (2.5 μg protein per lane). (B) Rep-
resentative MRM analysis of proteoliposomes pre-
loaded with 10 mM UMP generated from a control
after conducting the transport assay with 16 nucle-
otide sugar substrates. (C) Representative MRM
analysis of UAfT1-containing proteoliposomes pre-
loaded with 10 mM UMP after conducting the
transport assay with 16 nucleotide sugar substrates.
(D) Quantification of nucleotide sugar transport into
proteoliposomes preloaded with 10 mM UMP after
incubation with 16 nucleotide sugar substrates. Data
are the mean and SD of n = 4 assays. (E) Proteoli-
posomes containing each candidate preloaded with
10 mM UMP were incubated with UDP-Araf at
varying concentration (0.5–100 μM) for 2 min at
25 °C. Data are the mean and SEM of n = 8 assays.
(F) Proteoliposomes containing each candidate pre-
loaded with 10 mM UMP were incubated with UDP-
Araf at a concentration of 50 μM for the indicated
time points at 25 °C. Values are normalized to the
calculated NST content present in proteoliposome
preparations. Data are the mean and SD of n = 8 as-
says. Legend as shown in E applies.
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substrates UMP, GMP, CMP, or AMP. An empty vector control
was used to assess background transport after removal of un-
incorporated substrates by gel filtration (Fig. 1B). A typical
output after a single transport assay using proteoliposomes
containing AT5G25400 preloaded with UMP is outlined in Fig.
1C. All six NST candidates demonstrated significant transport of
UDP-Araf when proteoliposomes were preloaded with UMP
(Fig. 1D). No apparent transport was observed when proteoli-
posomes were preloaded with GMP, CMP, or AMP. The ob-
served GDP-sugar transport when proteoliposomes were preloaded
with GMP can be accounted for by activity of the endogenous
yeast GDP-Man transporter (Fig. S3).

Kinetic Parameters of UDP-Araf Transport. The transport response
of each NST candidate to UDP-Araf was then independently
determined. Subclade A members appeared to be saturable in a
concentration-dependent manner, as would be expected for
protein-mediated transport across a membrane (Fig. 1E). In
contrast, the two subclade B members did not show saturation
with substrate concentrations up to 100 μM (Fig. 1E). All six
NST candidates were saturable in a time-dependent manner
(Fig. 1F). Analysis of these data resulted in apparent KMs for
UDP-Araf for members of subclade A, ranging from 7 to 10 μM
with resultant turnover rates (kcat) of 1–4 s−1 (Table 1). We were
unable to obtain corresponding kinetic parameters for members
of subclade B. Consequently, the four members of the Arabi-
dopsis NST clade VI, subclade A were designated the functional
identifier UDP-Arabinofuranose Transporters (UAfT), and com-
prise the Arabidopsis loci AT5G25400 (UAfT1), AT5G11230
(UAfT2), AT4G32390 (UAfT3), and AT2G25520 (UAfT4). Pre-
viously, we have compared the apparent KM with the physio-
logical concentrations of the substrate in plant organs to
support the in vitro kinetic values (22, 24). The concentration
of UDP-Araf in various plant organs was determined to be in
the range of 5–15 pmol mg−1 dry weight (22). Because UDP-
Araf is synthesized within the cytosol (1), we have previously
reasoned that given that the vacuole generally comprises the
bulk of a plant cells volume, dry weight measurements would
be somewhat analogous to the volume of the cell excluding the
vacuole. Consequently, an estimate for the cellular concen-
trations of UDP-Araf within the plant cell would be between
5 and 15 μM. This physiological concentration range aligns
well with the determined KM values outlined above and sup-
ports the notion that we have identified biologically relevant
transporters.

Developmental Expression and Subcellular Localization. The ex-
pression patterns for the UAfTs were analyzed from a variety of
organs using quantitative RT-PCR (qPCR) (Fig. 2A). All four
members are expressed throughout plant development, although
they are disproportionally expressed in flowers and during seed
development (siliques), which are rich in Ara-containing poly-
saccharides. The expression patterns agree with those observed
in publicly available microarray expression data (27). The sub-
cellular locations were determined by transiently expressing
C-terminal yellow fluorescent protein (YFP) fusions in Nicotiana

benthamiana leaves and colocalizing the signal with the α-ManI
mCherry Golgi-marker (G-rk) and a mCherry ER marker (ER-
rk) (Fig. 2B). Simultaneous dual-channel live-cell imaging
revealed localization of all UAfT–YFP fusions in the endo-
membrane system and resulted in punctate signals that highly
colocalized with the Golgi marker. Subcellular proteome studies
have identified all UAfTs, except for UAfT1, in the Golgi ap-
paratus (28), supporting their roles as Golgi-localized UDP-
Araf transporters.

Determining in Planta Functions of UAfTs. To confirm the in vitro
biochemical characterization of the UAfTs, we obtained Arabi-
dopsis mutant lines for each of the four members. For both,
UAfT2 and UAfT3, we could confirm two independent knockout
lines; for UAfT4 a knockout and knockdown line were verified
and for UAfT1 only a single knockout line could be identified
(Fig. S4). The analysis of homozygous UAfT knockout lines
grown under standard growth conditions did not reveal any mor-
phological alterations compared with wild-type plants. Cell wall
preparations derived from leaves of 6-wk-old plants revealed a
minor but significant reduction in Ara in both uaft4 lines (Table S2).
Given the higher expression levels of UAfT2 and -3 in siliques (Fig.
2A) and of UAfT2, -3, and -4 in developing embryos (29), we sought
to also analyze the cell wall monosaccharide composition of dry

Table 1. Kinetic parameters for UDP-Araf transport into
proteoliposomes

Parameter UAfT1 UAfT2 UAfT3 UAfT4 AT3G17430 AT1G48230

KM (μM) 10 (1) 10 (1) 10 (2) 7 (1) Ambiguous Ambiguous
Vmax (nM s−1) 11 (0) 8 (0) 2 (0) 8 (0) N.D. N.D.
kcat (s

−1) 4 3 3 1 N.D. N.D.

For each transporter, eight data points with varying substrate concentra-
tions (0.5–100 μM) were acquired. Data represent the mean and SEM of n =
8 replicates. N.D., not determined.

Fig. 2. Expression pattern and subcellular localizations. (A) Expression of
UAfTs in different Arabidopsis organs was assessed by qPCR. Siliques and
stem tissues were harvested from the bottom (B), middle (M) and top (T).
Expression levels are the mean and SD of n = 3 expressed relative
to three reference genes. (B) UAfTs were transiently coexpressed with
the α-mannosidase I Golgi marker (G-rk) or the ER marker (ER-rk) in
N. benthamiana leaves. All four UAfTs colocalize with the Golgi marker.
(Scale bars, 10 μm.)
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seeds derived from the corresponding knockout lines. As observed
for leaf material, no major change in the abundance of monosac-
charides was observed in dry seeds from these plants (Table S3).
These results indicate that, at the examined resolution, some of the
four UAfTs might function redundantly in Arabidopsis. Redundancy
between NST family members in Arabidopsis seems to be relatively
common (22), and we have previously found that the generation of
NST overexpression (OE) lines results in attributable phenotypes.
Consequently, we stably expressed the four UAfTs under the control
of the CaMV 35S promoter and fused to YFP in Arabidopsis. For
plants transformed with the 35Spro:UAfT1–YFP construct, YFP
florescence could not be observed, indicating that this transgene
had likely been silenced. For plants harboring the 35Spro:UAfT3–
YFP or 35Spro:UAfT4–YFP constructs, we observed that lines pos-
sessing a strong YFP signal were retarded in their growth and
showed early yellowing of leaves (Fig. 3A). An analysis of the
monosaccharide content of leaf cell wall material indicated that
UAfT2, -3, and -4 OE plant lines all contained a significant increase
in the amounts of Ara (Fig. 3B). In particular, the overexpression of
UAfT3 and UAfT4 led to a strong accumulation of Ara (up to 30%
more compared with control plants) and concomitantly resulted in
obvious phenotypic abnormalities (Fig. 3A). This result was ob-
served predominantly for UAfT3 and UAfT4 OE lines, but only
occasionally for UAfT2 overexpressors.

Glycome Profiling of UAfT3 and UAfT4 Overexpression Lines. To in-
vestigate where the additional Ara in plants overexpressing
UAfT3 or UAfT4 was incorporated, we performed glycome
profiling using an ELISA-based screen with a collection of
155 plant cell wall glycan-directed monoclonal antibodies (30).
Interestingly, the glycome profiles of wall extracts from UAfT3 and
UAfT4 OE lines were different (Fig. 4). The most pronounced
differences between UAfT3 OE lines and the control were observed
in water-soluble cell wall material, particularly for antibodies rec-
ognizing arabinogalactan epitopes in RG-I and AGPs (RG-I/AG
and AG-4 antibody groups). In contrast, the most pronounced
differences between cell wall extracts from UAfT4 OE lines and
control plants were observed in the sodium carbonate extracts
(enriched for pectic polymers). Similar to the results observed for
UAfT3 OE lines, the difference in the recognition pattern between
the control and UAfT4 OE lines was predominantly due to anti-
bodies recognizing pectic backbones, such as JIM5, which rec-
ognizes homogalacturonan (31), or CCRC-M36, which is specific
for the RG-I backbone (32), or arabinogalactan epitopes in RG-I
and AGP (RG-I/AG and AG-4). The observation that the
UAfT3 and UAfT4 OE lines vary between different extracts is
further supported by the data for the LM6 antibody, which is

specific to 1,5-α-arabinan (33). An increased signal for LM6 was
observed in the water-extracted material derived from UAfT3 OE
plants, whereas the increase in binding intensity in UAfT4 OE lines
is clearly visible in the sodium carbonate extract. Water-soluble
extracts of UAfT4 OE lines showed stronger binding to acetylated
glucomannan-directed antibodies than that observed for the UAfT3
OE or control lines. The 4 N KOH extracts (enriching hemicellu-
loses) showed decreased binding by LM5, which is specific for a
β-1,4-galactan epitope (34) and could indicate that an increase in
arabinose content leads to increased 1,5-α-arabinan decoration

Fig. 3. Overexpression of UAfTs result in morphological and biochemical
phenotypes. (A) Representative phenotypes of plants overexpressing
UAfT3 or UAfT4 compared with a control plant. (B) Arabinose content of
rosette leaves. Three biological pools corresponding to the severity of the
phenotype were analyzed. Arabinose levels are shown as molar percentage
of total nonglucan carbohydrates ± SD (n = 3).

Fig. 4. Glycome profiling. Sequentially extracted cell wall material derived
from plants overexpressing UAfT3, UAfT4, and control plants was subjected to
glycome profiling using 155 plant cell wall glycan-directed monoclonal anti-
bodies. A black–yellow scale indicates signal intensity in the ELISA, with black
corresponding to no binding and yellow to strongest binding. Labels at the
Top specify the different reagents used to extract the cell wall material.
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and consequently reduced unsubstituted galactan epitopes in RG-I
in the OE lines. Antibodies belonging to the groups of non-
fucosylated and fucosylated xyloglucan also show subtle differ-
ences in their binding to wall extracts between the control and
both the UAfT3 and UAfT4 OE lines. Another interesting dif-
ference was the marginal increase in the abundances of 1 N KOH
extractable xylan epitopes (especially epitopes recognized by xylan-4
through xylan-6 groups of antibodies) in the two OE lines.

Discussion
The ubiquitous presence of Ara in an assortment of cell wall-
associated polymers, its presence in flavonoids, and its associ-
ation with signaling molecules highlight the important role of
this monosaccharide as both a structural component of walls
and in regulating growth and development. The majority of Ara
is found in cell wall-associated polymers where it is mainly
present in its furanose form. Whereas luminal nucleotide sugar
interconversion results in the biosynthesis of an activated Ara
donor, it is in the pyranose form. The characterization of the
UDP-Ara mutases and their localization to the cytosol resulted
in a biosynthetic dilemma, because UDP-Araf is required
within the Golgi lumen necessary for the biosynthesis of cell
wall-associated polysaccharides. The characterization of a
family of four Arabidopsis NSTs with substrate specificity for
UDP-Araf reveals the final step in the delivery pathway for
Araf-containing compounds synthesized in the lumen and
supports the current biosynthetic model of nucleotide sugar
interconversion (Fig. S1).

The Partitioning of UDP-Ara Within the Plant Cell. The biosynthesis
of Ara-containing compounds within the Golgi requires UDP-
Ara be transported twice across the Golgi membrane. A likely
explanation for this process is the thermodynamic equilibrium of
UDP-Araf biosynthesis by the UDP-Ara mutases. The in vitro
characterization of those enzymes from either rice or Arabidopsis
indicates that only about 10% of UDP-Arap is converted to
UDP-Araf (1, 35). This inefficient conversion is a probable
reason for the partitioning of UDP-Araf biosynthesis in the cy-
tosol and its incorporation within the Golgi lumen, enabling the
efficient and noncompetitive transfer of Araf to a nucleophilic
acceptor. The ability to modify the composition of Ara in cell
wall-associated material through the up-regulation of UAfTs
indicates that the supply of UDP-Araf within the Golgi lumen is
likely limiting. The increased availability of this nucleotide sugar
within the Golgi and resultant increase in Ara in the cell wall also
provides information about the distribution of UDP-Araf and
UDP-Arap within the cell. We previously determined that the
amount of UDP-Arap within a variety of Arabidopsis organs is
40–105 pmol mg−1 dry weight, whereas the amount of UDP-Araf
ranges from 5 to 15 pmol mg−1 dry weight (22). Considering the
thermodynamic equilibrium of UDP-Ara mutases with these
concentrations and given the limited availability of UDP-Araf
for incorporation into luminal polysaccharides, it is likely
that the biochemical pools of both UDP-Arap and UDP-Araf
exist predominantly within the cytosol, even with the former
actively made by the Golgi-resident UDP-Xyl 4-epimerase 1
(UXE1). The location of UDP-Araf in the cytosol is supported
by the investigation of a GT47 family member, ARABINAN
DEFICIENT 1 (ARAD1), which is implicated in pectic arabinan
biosynthesis (36). Plants overexpressing ARAD1 did not show an
altered arabinan content (36), potentially indicating limitations
in substrate availability (37). In contrast, evidence for a distinct
cytosolic pool of UDP-Arap is supported by the recently char-
acterized Golgi-resident UDP-xylose transporters (UXTs) and
their role in xylan biosynthesis (24) as well as the fact that the
Golgi-localized UDP-xylose synthases (UXS) have a limited role
in supplying substrates for xylose-containing polymers within the
Golgi lumen (38). Both findings indicate that the fate of luminal

synthesized UDP-Xyl is mainly to provide the substrate for
UXE1 for the biosynthesis of UDP-Arap. This latter observation
is supported by a UXS triple mutant in Arabidopsis (uxs3uxs5uxs6)
that eliminated cytosolic-derived UDP-Xyl (38), and resulted in
an increased Ara content in cell wall extracts. The removal of the
cytosolic UDP-Xyl pool likely results in an increased flux
through the luminal interconversion pathway, driving the bio-
synthesis of UDP-Arap thus explaining the increased levels of
Ara. Moreover, because the reported equilibrium between UDP-
Xyl and UDP-Arap by UXE1 is around 1:1 (14), the transport of
UDP-Arap outside of the Golgi (by an unidentified NST) would
provide the necessary pull on the luminal interconversion path-
way to ensure sufficient supply of UDP-Araf for luminal poly-
saccharide biosynthesis. This model is also supported by studies
on the mur4 mutant and wild-type plants, where the addition of
exogenous Ara increased polysaccharide arabinosylation (17),
supporting a limited delivery of UDP-Araf into the Golgi lumen.

The Role of Ara in the Plant Cell Wall. Ara comprises a significant
proportion of the plants cell wall. In Arabidopsis, the modulation
of Ara quantity results in a severe growth phenotype. Both
UAfT3 and UAfT4 OE lines displayed up to ∼30% increase in
Ara content in cell wall extracts, which correlated with reduced
growth and early senescing leaves (Fig. 3A). Glycome profiling
indicated that epitopes corresponding to RG-I, RG-I-associated
arabinogalactans, and AGPs increased in both UAfT3 and
UAfT4 OE lines. Similarly, cytosolic UXS triple mutant plants
(uxs3uxs5uxs6), which likely result in an increased flux through
the luminal interconversion pathway, contain a twofold increase
in cell wall-derived Ara and display a reduced growth phenotype
(38). Analysis of stem wall material from the uxs3uxs5uxs6 triple
mutant indicated that increased Ara was mainly present as 1,5-
Ara(f) linkage and represents an increase in length or quantity of
α-1,5-arabinan sidechains in the pectic polymer RG-I. Thus, the
increased Ara content observed here can likely be attributed to
increases in RG-I arabinan.
It has been speculated that RG-I sidechains act as spacers and

regulate interactions with homogalacturonan, thus controlling
the flexibility of the cell wall (39). The plasticity of the wall relies
on the mobility of RG-I sidechains, especially arabinan (40), and
the modulation of sidechain lengths and branching seems to have
a deleterious effect on the physical properties of the wall. Such
conclusions have been made examining transgenic potato plants
expressing a Golgi-localized α-1,5-arabinanase (41). This con-
trasts with modulations to the galactan sidechains of RG-I because
plants overexpressing the galactan synthase GALS1 or the UDP-
Gal/UDP-Rha transporter URGT1 contain up to 50% more cell
wall galactose specifically in the form of pectic β-1,4-galactan but
plant growth and development are not affected (22, 42). These
contrasting observations highlight the special importance of
arabinan sidechains for proper RG-I function.

Conclusion
Ara plays an essential role in the growth and development of
plants. Here we have characterized a family of Golgi nucleotide
sugar transporters (UAfTs) responsible for the delivery of UDP-
Araf for a range of Golgi luminal arabinosylation reactions in
Arabidopsis. This study represents the only example of UDP-Araf
transport in biology and the characterization of this family sup-
ports the curious model for the incorporation of UDP-Araf
in plants.

Materials and Methods
Nucleotide Sugar Substrates. Nucleotide/nucleotide sugar substrates used in
this study are listed in Table S1. UDP-β–L-rhamnose and GDP-α–L-galactose
were synthesized enzymatically as previously described (22).
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Heterologous Expression of NSTs in Yeast and Transport Assays. Heterologous
expression was undertaken in Saccharomyces cerevisiae strain INVSc1 using
the expression vector pYES-DEST52 (Thermo Fisher Scientific). Reconstitution
of NSTs and transport activity assays were conducted as previously described
(22). Kinetic parameters were determined using nonlinear regression with
Prism 7 software (GraphPad Software). Polyacrylamide gel electrophoreses
and immunoblot analyses were carried out as previously described (22).

Analysis of Nucleotide Sugars by Tandem Mass Spectrometry. Nucleotide
sugars were separated on a Hypercarb porous graphitic carbon column (Thermo
Fisher Scientific) with a 1100 series HPLC system (Agilent Technologies) and an-
alyzedby LC-MS/MSandmultiple reactionmonitoring (MRM)usinga4000QTRAP
system (Sciex) with conditions and parameters as previously outlined (22).

Plant Material. A. thaliana seeds were acquired from the Arabidopsis Bi-
ological Resource Center (SI Materials and Methods).

Fractionation of Cell Wall Material and Glycome Profiling. Glycome pro-
filing was performed with a comprehensive suite of plant cell wall

glycan-directed monoclonal antibodies (30) as described (43) (SI Mate-
rials and Methods).
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