Plant Science 231 (2015) 191-197

journal homepage: www.elsevier.com/locate/plantsci

Contents lists available at ScienceDirect

Plant Science

Plant Science

VVGONST-A and VVGONST-B are Golgi-localised GDP-sugar
transporters in grapevine (Vitis vinifera L.)

@ CrossMark

Daniella Utz*P, Michael Handford >:*

3 Facultad de Ciencias Agronémicas, Universidad de Chile, Santiago, Chile
b Departamento de Biologia, Facultad de Ciencias, Universidad de Chile, Santiago, Chile

ARTICLE INFO

Article history:

Received 20 August 2014
Received in revised form

19 November 2014

Accepted 22 November 2014
Available online 6 December 2014

Keywords:

Cell wall

Glucomannan

Golgi apparatus

Nucleotide sugar transporter
Vitis vinifera

ABSTRACT

Plant nucleotide-sugar transporters (NSTs) are responsible for the import of nucleotide-sugar substrates
into the Golgi lumen, for subsequent use in glycosylation reactions. NSTs are specific for either GDP-
or UDP-sugars, and almost all transporters studied to date have been isolated from Arabidopsis thaliana
L. In order to determine the conservation of the import mechanism in other higher plant species, here
we report the identification and characterisation of VWVGONST-A and VVGONST-B from grapevine (Vitis
vinifera L. cv. Thompson Seedless), which are the orthologues of the GDP-sugar transporters GONST3
and GONSTA4 in Arabidopsis. Both grapevine NSTs possess the molecular features characteristic of GDP-
sugar transporters, including a GDP-binding domain (GXL/VNK) towards the C-terminal. VwGONST-A and
VvGONST-B expression is highest at berry setting and decreases throughout berry development and ripen-
ing. Moreover, we show using green fluorescent protein (GFP) tagged versions and brefeldin A treatments,
that both are localised in the Golgi apparatus. Additionally, in vitro transport assays after expression of
both NSTs in tobacco leaves indicate that VVGONST-A and VVGONST-B are capable of transporting GDP-
mannose and GDP-glucose, respectively, but not a range of other UDP- and GDP-sugars. The possible
functions of these NSTs in glucomannan synthesis and/or glycosylation of sphingolipids are discussed.

© 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

In plants, the Golgi apparatus is responsible for the synthesis of
non-cellulosic polysaccharides of the cell wall and also for the gly-
cosylation of lipids and proteins. Lumenal glycosylation reactions
are catalysed by enzymes called glycosyltransferases (GTs), which
use sugars activated by the addition of a nucleotide. Most of the
enzymes involved in the synthesis of nucleotide-sugars are cyto-
plasmic, although there is evidence of some interconversion within
the lumen of the Golgi [1]. More recently, it has been reported
that some Cellulose Synthase Like (CSL) GTs such as CSLA9 have
their active site orientated towards the lumen of the Golgi appara-
tus [2]. CSLA9 synthesises glucomannan, requiring GDP-mannose

Abbreviations: CSL, cellulose synthase-like; ER, endoplasmic reticulum; GDP,
guanosine diphosphate; GFP, green fluorescent protein; GONST, Golgi Nucleotide
Sugar Transporter; GTs, glycosyltransferases; NDP, nucleotide diphosphate; NSTs,
nucleotide-sugar transporters; UDP, uridine diphosphate.
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and GDP-glucose as substrates [3], and it has been proposed that
the CSLA family, composed of 9 members in Arabidopsis thaliana
is responsible for the generation of this non-cellulosic polysaccha-
ride in diverse plant species [4]. Therefore, considering the location
of nucleotide-sugar synthesis in the cytosol, and their use as sub-
strates by lumenal-facing enzymes, nucleotide-sugar transporters
(NSTs) are required to transport the substrate across the membrane
of the Golgi apparatus [5-8].

In plants, several NSTs have been identified and some have been
cloned and characterised. UDP-galactose transporters (AtUTr2,
AtNST-KT, UDPGalT1 and UDPGalT2 [9-11]), and transporters
of UDP-galactose/UDP-glucose (AtUTr7 and OsUGT [12,13]) have
been reported. In addition, in Arabidopsis, there is a family of
NSTs termed GONST1-5 (Golgi Nucleotide Sugar Transporter;
At2g13650, Atg07290, At1g76340, At5g19980, At1g21870, respec-
tively [5,6]) that are orthologues of the GDP-mannose transporters
VRG4 described in Saccharomyces cerevisiae [14], LPG2 from Leish-
mania donovani [15], CgVRG4 from Candida glabrata [16] and
CaVRG4 from C. albicans [17].

NSTs are proteins which are typically approximately 350 amino
acids in length, with molecular weights of around 35 kDa [8,18].
Moreover, they are highly hydrophobic, and computer-based algo-
rithms predict that they harbour 6-10 transmembrane domains
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(TMDs), consistent with their location embedded in a membrane.
It has also been determined that the protein sequence of GONST1-4
and other GDP-sugar transporters [5,6,16,17] contain a conserved
GX(L/V)NK motif, which in the case of VRG4 from S. cerevisiae has
been shown to bind the guanosine diphosphate portion of GDP-
sugars [ 19]. After the GDP-sugars have been used by lumenal facing
GTs, GMP is produced by the action of an NDPase [8]. It has been
postulated that an NK motif located towards the amino-terminal of
these NSTs facilitates the export of the nucleoside-monophosphate,
in exchange for the import of the GDP-sugar(s) [6].

Although the vast majority of the characterised plant NSTs has
been identified in Arabidopsis, it has been proposed that the mecha-
nism of delivery of nucleotide-sugars is conserved, given that other
higher plant species also harbour NSTs in their genomes [8]. To date,
this hypothesis has been tested for UDP-sugar transport [13], but
not for GDP-sugar transport. However, it is not possible to predict
the functions and subcellular localisation of possible NSTs based
only on sequence similarities. For example, although many NSTs
are closely related at the primary sequence level, their specificity
of transport may differ [12]. In addition, not all NSTs are localised
in the Golgi membrane; AtUTr1 and AtUTr3 are present in the ER
where they are involved in the process of protein folding through
the calnexin/calreticulin cycle [20,21]. Therefore, experimental
functional characterisation of all predicted genes is necessary to
determine their specificity and localisation in planta.

In this study, we report the cloning and characterisation of
two NSTs from grapevine (Vitis vinifera L.). Grapevine is one of
the most cultivated fruit crops in the world, and grape berries are
commercialised as table grapes and dried fruits, and processed in
wine making, with Chile being a leading producer and exporter
of these products. Grape berries contain polysaccharides, and
glycoproteins decorated with sugars which originate from GDP-
sugars, implicating the necessity of NSTs for their import into
the Golgi apparatus. We called these grapevine NSTs VVGONST-A
and VVGONST-B, the most-closely related orthologues of GONST3
and GONST4, respectively. VWGONST-A and VvGONST-B are widely
expressed throughout berry development, and by heterologous
expression in tobacco leaves, we show that both NSTs are Golgi-
localised and capable of transporting different GDP-sugars.

2. Materials and methods
2.1. Plant material

To characterise VVGONST-A and VvVGONST-B, three grapevine
plants (V. vinifera L. cv. Thompson Seedless) were selected from a
field located in INIA La Platina (Chile), during the 2012 growing
season. Samples for RNA extraction were frozen in liquid nitrogen
and stored at —80°C.

2.2. Cloning of VWGONST-A and VvGONST-B and vector
construction

The nucleotide sequences of A. thaliana GONST3 and GONST4
(accession numbers At1g76340 and At5g19980, respectively) were
used in a tBLASTn search to identify orthologous gene models in
the Grape Genome Browser (version 12X) designed by Genoscope
(the French National Sequencing Center; http://www.genoscope.
cns.fr/vitis).

VGONST-A and VvGONST-B cDNA were amplified from V.
vinifera cv. Thompson Seedless leaf cDNA using Pfu poly-
merase (Fermentas) and primers VVGONST-A-F (5’-ATGTCTAATG
ATGAGGAGAATC-3’) and VVGONST-A-R (5-TTTCCCCTCTTGTG-
AATT-3'), and VVGONST-B-F (5'-ATGTCTTCGACTAGATTTGATT-3’)
and VVGONST-B-R (5'-TACTGC AGCAAGTTTACCC-3'). Both primers

flank the coding region and the PCR product was cloned into pCR8
(Invitrogen) forming pCR8-VvGONST-A and pCR8-VvVGONST-B and
then homologously recombined into the Gateway-compatible vec-
tor, pPGWBS5 for the addition of a C-terminal GFP tag [22].

2.3. Computational analysis

Protein sequences were aligned using Clustal-OMEGA. The phy-
logenetic analysis was carried out using the Mega 6.06 software
package [23]. Hydrophobicity analysis was performed using a
Kyte-Doolittle hydrophobicity plot. The number of putative TMDs
was estimated using the web-based algorithms TMHMM, SOSUI,
TOPRED, HMMTOP and PRODIV-TMHMM.

2.4. RNA isolation and quantitative expression analysis of
VVGONST-A and VvGONST-B in V. vinifera

Total RNA from berry stages E-L27, 29, 30, 31, 35 and 38 [24],
and mature leaves was isolated as described by Reid et al. [25].
RNA concentration and integrity were measured after DNase I
(Fermentas) treatment with a NanoDrop3300 Fluorospectrom-
eter (ThermoScientific) and agarose gel electrophoresis under
denaturing conditions. By use of a common oligo AP primer
(5'-CGCCACGCGTCGACTAGTACTTITTTITTITITTITIT-3'), 0.5 ug of
DNAse I-treated total RNA were heated (70°C, 5min) and then
subjected to a reverse transcription (RT) reaction using Improm-II
reagents (Promega). Quantitative polymerase chain reactions
(gPCR) were performed with an Mx3000P Real-Time PCR System
(Stratagene), using the SensiMix SYBRKkit (Bioline) to monitor
dsDNA synthesis. The following standard thermal profile was
used for two-step cycling qPCR reactions: 95 °C for 10 min and 40
cycles of 95°C for 15, 58 °C for 1 min. No-template controls were
included for each primer pair and each PCR reaction was performed
in triplicate. Dissociation curves for each amplicon were then ana-
lysed to verify the specificity of each amplification reaction; the
dissociation curve was obtained by heating the amplicon from
60°C to 95°C. Data were analysed using MxPro system software
(Stratagene). The expression of three reference genes, Actin (Gen-
bank accession: EC969944), EF1-« (Genbank accession: EC959059)
and GAPDH (Genbank accession: ECCB973647) [25] was monitored
and GAPDH was selected using NormFinder [26]. VWGONST-A and
VVGONST-B transcript levels were normalised to the expression of
GAPDH using the ACt method [27]. The sequences of the primer
pairs used were: VVGONST-A (5-TTTGTGGGGACAGTTGGGCT
TTT-3’ and 5'-CTCTCTTGCACTTTCACGTCCGTT-3'), VvGONST-B
(5'-AGGAAGGCAATC TCTGCCAC-3' and 5-AGGAGGCAAACCAA-
CCCAAA-3'), Actin (5-CTTGCATCCCTCAG CACCTT-3’ and 5'-
TCCTGTGGACAATGGATGGA-3'), EF1-a (5-GAACTGGGTGCTTGA
TAGGC-3' and 5'-AACCAAAATATCCGGAGTAAAAGA-3') and GAPDH
(5'-TTCTCGTTG AGGGCTATTCCA-3’ and 5-CCACAGACTTCATCGG-
TGACA-3'). All qPCR data represent the average of three biological
pools of samples and three technical replicates. In silico analyses
were performed using data provided in www.plexdb.org.

2.5. Subcellular localisation of VwGONST-A and VvGONST-B

Leaves of tobacco (Nicotiana tabacum) were used for transient
expression after Agrobacterium tumefaciens-mediated transforma-
tion (strain GV3101) with pGWB5-VVGONST-A-GFP or pGWB5-
VVGONST-B-GFP by syringe infiltration as described by previously
[28]. Lower epidermal peels of transformed leaves were analysed
4 d after infiltration with a bacterial culture (ODgggnm 0.5-0.7). In
some cases, samples were incubated in 100 wgmL~! Brefeldin A
solution for 2 h. Some samples were agroinfiltrated using the Golgi
marker (G-rk CD3-967) or the ER marker (ER-rk CD3-959) [29].
Images were captured with a confocal microscope (LSM510 Meta
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or LSM710 Carl Zeiss) and processed with Image] 1.45s. Overlap
coefficients were calculated using Zeiss ZEN 2012 software.

2.6. Tobacco leaf transformation, subcellular fractionation, and
nucleotide-sugar uptake assays of VwGONST-A and VvGONST-B

Tobacco leaves were agro-infiltrated with pGWB5, pGWB5-
VVGONST-A-GFP, pGWB5-VvGONST-B-GFP. After 4 d, accumu-
lation of VVGONST-A-GFP and VVGONST-B-GFP was determined
by epifluorescence microscopy (Olympus IX70), samples were
processed as described by Norambuena [9], and then immunoblot-
ted using a monoclonal anti-GFP antiserun (Sigma). Subsequently,
protein concentrations in the Golgi-enriched vesicle fractions were
determined by the Bradford method and 40-50 p.g used in filter-
based uptake assays with a panel of commercially available radio-
labeled nucleotide-sugars: GDP-[3H]fucose (16 Ci/mmol) (Perkin-
Elmer), GDP-[4C]glucose (300 mCi/mmol) (American Radiolabeled
Chemicals Inc.), GDP-['4C]mannose (262 mCi/mmol) (Perkin-
Elmer) and UDP-[3H]glucose (3.5 Ci/mmol) (GE Healthcare).

3. Results and discussion
3.1. Protein sequence analysis of VwGONST-A and VvGONST-B

To identify candidate orthologous sequences of GONST3
(At1g76340) and GONST4 (At5g19980) of Arabidopsis in the ref-
erence genome PN40024 from V. vinifera [30], a bioinformatics
search was performed using tBLASTn. Two protein sequences
with 81% and 78% identity, respectively were selected. We
designated these grapevine sequences VVGONST-A (Genbank
accession: XP_002271444.1) and VVGONST-B (Genbank accession:
XP_002284977.1).

VWGONST-A and VvGONST-B were cloned from Thompson
Seedless cDNA, and comparisons with their respective genomic
sequences highlight the absence of introns in both cases, as also
found for their Arabidopsis orthologues, GONST3 and GONST4 [6].
The nucleotide sequences cloned from Thompson Seedless were
99.5% and 99.7% identical with respect to the reference genome
PN40024, translating into two and one amino acid substitutions,
respectively (Fig. 1A and B). VWGONST-A is located on chromosome
10, whereas VwGONST-B is on chromosome 11. At the protein level,
VVGONST-A has 374 amino acids with a calculated molecular mass
of 41.8kDa and VVGONST-B has 349 amino acids with a calcu-
lated molecular mass of 37.8 kDa. The predicted isoelectric points
of VWVGONST-A and VVGONST-B are 4.9 and 7.7, respectively, iden-
tical to those of GONST3 and GONST4 from Arabidopsis [6]. It has
been predicted that both Arabidopsis orthologues have 10 TMDs
[6]. We predicted the topology of VVGONST-A and VVGONST-B by
using Kyte-Doolittle hydrophobicity plots. As a result, both highly
hydrophobic grapevine proteins are also predicted to harbour 10
TMDs (Fig. 1A and B). Many plant NSTs are predicted to possess
an even number of TMDs [8], and the membrane topology of sev-
eral of these transporters has been predicted in silico [13,31]. Using
the TOPCONS algorithm (http://topcons.cbr.su.se/; [32]), the pre-
dicted topology of both VVGONST-A and VVGONST-B places the N-
and C-termini facing the cytosol. In addition, both NSTs contain
a conserved GDP-binding motif GX(L/V)NK (VVGONST-A, GIVNK;
VVGONST-B, GVVNK) located between TMDs VIII and IX, and both
present in their sequence the putative GMP-binding NK domain
between TMDs I and II (Fig. 1A and B). The predicted membrane
topologies of these NSTs locates the GX(L/V)NK and NK motifs in
the cytosol and lumen, respectively, consistent with their proposed
roles in GDP-sugar import and GMP export.

Using NST sequences of plants and other species, we constructed
an unrooted phylogenetic tree of VVGONST-A and VVGONST-B
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Fig. 1. Sequence analysis of grapevine VVGONST-A and VVGONST-B. (A) Alignment
of VVGONST-A from Thompson Seedless with XP.002271444.1 from the reference
genome PN40024. (B) Alignment of VVGONST-B from Thompson Seedless with
XP_002284977.1 from the reference genome PN40024. Sequence alignments were
performed using Clustal-OMEGA. Black and grey shading indicate identical and
conservative amino acid substitutions, respectively. The predicted transmembrane
domains are underlined (I-X). The locations of conserved motifs involved in sub-
strate transport are boxed. Asterisks denote a Golgi-targetting motif in VVGONST-A.

using Clustal-OMEGA and Mega 6.06. Phylogenetic analysis shows
that VWVGONST-A is in the same clade as GONST3 and VVGONST-B
is in the same clade as GONST4. Moreover, GDP-mannose trans-
porters, including GONST1, VRG4 and LPG2 group in a different, but
nearby clade, whereas UDP-sugar transporters are more distantly
related (Fig. 2). Taken together, these molecular and phylogenetic
characteristics are consistent with VVGONST-A and VVGONST-B
being GDP-sugar transporting NSTs.

3.2. Expression analysis of VwGONST-A and VvGONST-B

In order to determine the expression profile of VWGONST-A and
VvGONST-B throughout berry development, we carried out quanti-
tative RT-PCR analysis using RNA extracted from berry stages E-L27
to 38.Stages E-L27 to E-L33 represent the formation of berries, from
setting to being hard and green, whilst E-L34 to E-L38 covers berry
ripening until harvesting [24].

Of the three reference genes tested (Actin, EF1-a and GAPDH
), GAPDH has the greatest stability of expression in the different
stages analysed. Therefore, this gene was used to normalise tran-
script levels of both NSTs at the stages sampled. Our findings show
that VWGONST-A and VvGONST-B transcripts were not confined to
berries, and were not constant during berry development. Specifi-
cally, the expression of VWGONST-A was highest at the E-L27 stage
(berry setting: young berries enlarging (>2 mm diameter), bunch
at right angles to stem [24]) and then fell significantly by approx-
imately 67% at the harvest ripe stage, E-L38 (Fig. 3A). VvGONST-B
expression was also highest in E-L27 stage berries and suffered a
74% reduction by E-L38 (Fig. 3B). As comparisons, transcript levels
of both NSTs in mature leaves were similar to those found during
the mid-stages of berry development. Globally, transcript levels
of VwGONST-B were approximately 40-times greater than those
of VWGONST-A at all stages of berry development analysed, which
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Fig. 2. Phylogenetic analysis of VWGONST-A and VVGONST-B. The unrooted tree was
constructed using MUSCLE and the phylogenetic analysis was performed with the
Neighbour-Joining method. The tree is drawn to scale, with branch lengths in the
same units as those of the evolutionary distances used to infer the phylogenetic
tree. The 0.2 scale bar represents 0.2-amino acid substitutions per site. The accession
numbers of each sequence used to construct the tree are shown in Supplementary
Table A.1.

could be related to the transport functions of the corresponding
proteins.

The expression profile of both NSTs was also queried bioin-
formatically using the GeneChip 16K Microarray PLEXdb database
(http://www.plexdb.org/) for VwGONST-B. According to the exper-
iment identified as “VV11: Pinot Noir berry transcriptome during
ripening” (Stefania Pilati, the IASMA Research Center - Italy), the
expression of VWGONST-B (as represented by the closely related
Gene ID, 1611331.at) fell consistently in each of three seasons
between stages E-L33 and E-L36 in Pinot Noir berries, a finding
which was also observed in both grape flesh and grape skins of
Muscat Hamburg table grapes [“VV33: Grape flesh and skin ripen-
ing transcriptomic profiling”, Pablo Carbonell-Bejerano, Instituto
de las Ciencias de la Vid y el Vino, Spain; Gene ID VVTU2092_at,
GrapeGen (Custom Affymetrix Grape) Array]. Both in silico anal-
yses are thus concordant with our experimental results (Fig. 3B).
In addition, saline and osmotic stress resulted in a 10-fold reduc-
tion in VWGONST-B expression in leaves of Cabernet Sauvignon
plants exposed to these conditions for 24 h (“VV1: short term abi-
otic stress Cabernet Sauvignon”, Elizabeth Tattersall, University of
Nevada). No Gene IDs closely related to VWGONST-A are present
on the GeneChip 16K, which represents approximately 50% of V.
vinifera gene sequences, impeding similar experimental and in silico
comparisons for this NST.

3.3. Subcellular localisation of VvGONST-A and VvGONST-B
Computer-based analyses of the VVGONST-A and VVGONST-

B amino acid sequences predict that both proteins could be
located in the plasma membrane or in the Golgi apparatus

-
[=}
]

o
(e}
1

o
2}
1

o
o

Relative expression of VWGONST-A

Relative expression of VWGONST-B

Fig. 3. Expression analysis of VWGONST-A and VvGONST-B. Transcript levels of
VVGONST-A (A) and VvGONST-B (B) were determined by qRT-PCR in berry stages
E-L27, 29, 30, 31, 35 and 38, and in leaves of field-grown Thompson Seedless
grapevines. The data were normalised using GAPDH as a control. Different letters
indicate significant differences between values, as determined by means of one-way
ANOVA and a Bonferroni post-test (p <0.05). SE bars are shown (n=3).

(http://psort.hgc.jp/; data not shown). Considering that no known
reactions require the presence of NSTs at the plasma mem-
brane, and that VVGONST-A harbours a diacidic motif (DEE) at
its amino terminus, which has been implicated in the export of
Golgi-localised membrane proteins from the ER in plants [33],
we consider from the bioinformatic analysis that an organellar
localisation is more probable. One of the functions of the Golgi
apparatus is the glycosylation of macromolecules, and it has been
shown in Arabidopsis that many NSTs are localised in this organelle
[5-7,9,12], consistent with their role in the transport of sub-
strates required for glycosylation reactions. However, some NSTs
are located in the ER [20,21]. Therefore, the subcellular localisation
of VVGONST-A and VVGONST-B was determined experimentally,
by fusing GFP in frame to the C-terminus of both NSTs. VVGONST-
A-GFP and VVGONST-B-GFP were then transiently expressed by
Agrobacterium-mediated infiltration of tobacco leaves.

Four days after infiltration, spots of green fluorescence were
observed, of approximately 1 jwm in diameter in the case of both
grapevine NSTs (Fig. 4A and D). The overlap coefficients in samples
coinfiltrated with the NSTs and a known Golgi marker, G-rk CD3-
967 [29] were 86% and 88%, for VWVGONST-A-GFP/G-rk CD3-967 and
VVGONST-B-GFP/G-rk CD3-967, respectively (Fig. 4C and F). The
fluorescence patterns did not have the same distributions as that
of an ER marker (ER-rk CD3-959) composed of ared fluorescent pro-
tein fused at its N-terminus to the signal peptide of AtWAK2, and
at its C-terminus to a known ER retention signal [29] (Fig. 4G-]).
Overlap coefficients between the NSTs and the ER marker were
<50%.

To further analyse the subcellular localisation of VVGONST-A
and VVGONST-B, the epidermal cells were visualised after pretreat-
ment with Brefeldin A (BFA), a drug known to alter the distribution
of Golgi proteins to the ER in leaves [34]. Treatment with this drug
dramatically altered the pattern of protein localisation of both NSTs,
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Fig. 4. Subcellular distribution of VWVGONST-A and VVGONST-B. GFP-fusion versions of VVGONST-A and VVGONST-B were transformed into tobacco leaves by Agrobacterium-
mediated syringe infiltration. Samples were observed by confocal microscopy 4 d after infiltration. (A and D) Distribution of VVvGONST-A-GFP and VVGONST-B, respectively.
(B and E) Distribution of Golgi marker (G-rk CD3-967). (C) Merge of (A) and (B). (F) Merge of (D) and (E). (G) Merge of VVGONST-A-GFP and the ER marker, ER-rk CD3-959. (H)
Zoom of box in (G). (I) Merge of VVGONST-B-GFP and the ER marker, ER-rk CD3-959. (J) Zoom of box in (I). (K, M and O) Distribution of VWGONST-A-GFP, VVGONST-B-GFP and
Golgi marker (G-rk CD3-967) prior to Brefeldin-A treatment, respectively. (L, N and P) Distribution of VWGONST-A-GFP, VVGONST-B-GFP and Golgi marker (G-rk CD3-967) in
cells incubated with 100 g mL~" Brefeldin-A for 2 h, respectively. Note: cells co-infiltrated with VWGONST-A-GFP and Golgi marker (G-rk CD3-967) are shown in images (K)
and (0O), and (L) and (P).
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resulting in a mesh-like pattern of fluorescence, resembling the ER
network (Fig. 4K-N) and similar to that found when a known Golgi
marker, a-1,2-mannosidase I was subjected to the same treatment
(G-rk CD3-967; Fig. 40 and P) [29]. In addition, prior to the addition
of BFA, the fluorescent spots in VVGONST-A-GFP- and VVGONST-B-
GFP-infiltrated leaves were highly motile (Supplementary Videos
A.1-A.4). Taken together, we conclude from the size, motility, and
sensitivity to BFA that VVGONST-A-GFP and VVGONST-B-GFP are
Golgi-localised proteins, and confirm that the absence of diacidic
motifs in VVGONST-B does not exclude the possibility that proteins
are found in this organelle [33].

3.4. Substrate specificity of VwGONST-A and VvGONST-B

Based exclusively on sequence similarity, it is not possible to
predict the substrate specificity of VVGONST-A and VvGONST-
B. Therefore, we performed transport assays for VWVGONST-A and
VVGONST-B using Golgi-enriched vesicles extracted from tobacco
leaves previously transformed with VVGONST-A-GFP, VVGONST-
B-GFP and with pGWBS5 alone as a control. The transformation
was confirmed by checking NST-infiltrated samples for GFP fluo-
rescence by epifluorescence microscopy, just prior to extraction of
the Golgi-enriched vesicles by subcellular fractionation. In addition,
accumulation of both tagged-NSTs in the Golgi-enriched fractions
was confirmed by immunoblot analysis using an anti-GFP anti-
serum (Supplementary Figure A.1).

The Golgi-enriched vesicles containing equal amounts of pro-
tein obtained from control, VVGONST-A-GFP and VVvGONST-B-GFP
infiltrated samples were used in assays to measure the uptake of
a panel of commercially available radiolabeled NDP-sugars. This
panel was comprised of GDP-mannose, GDP-fucose, GDP-glucose
and UDP-glucose, the latter used to confirm whether the presence
of the GDP-binding motif, GX(L/V)NK, precludes the uptake of a
sugar bound to a different nucleotide.

We determined that the uptake of GDP-mannose was higher in
vesicles isolated from tobacco expressing VVGONST-A-GFP than in
the control (Fig. 5A). Experiments with GDP-glucose, GDP-fucose
or UDP-glucose revealed no significant uptake of these nucleotide-
sugars by VVGONST-A-GFP. On the other hand, we determined that
VVGONST-B-GFP is capable of transporting GDP-glucose, but not
the other GDP- or UDP-sugars in the panel tested (Fig. 5B). We
conclude from these findings that the requirement for GDP-sugar
import is conserved in higher plant species other than Arabidopsis,
as well as in green algae (Volvox carteri [35]).

What are the potential uses of GDP-mannose and GDP-glucose
inside the Golgi lumen? Recently, it has been shown that the active
site of CSLA9 in Arabidopsis faces the lumen of this organelle [2]. This
enzyme is responsible for glucomannan synthesis in this species,
together with other members of the CSLA family [3,36]. Gluco-
mannan synthesis requires both GDP-mannose and GDP-glucose,
so VVGONST-A and VVGONST-B may be involved in transporting
these substrates into the Golgi lumen. We believe this to be a strong
possibility, given the presence of glucomannan in the cell walls
of many plant species, including fruits and gymnosperms [37,38].
On searching the reference genome, we found a potential AtCSLA9
orthologue in grapevine (Genbank accession: XM_002283636.2
[39]). On performing hydrophobicity analysis of this orthologue,
we predict that it also harbours five TMDs and that its active site
is oriented towards the lumen, concordant with the need for NSTs,
including VVGONST-A and VVGONST-B for the import of these sub-
strates.

Nevertheless, the GDP-mannose imported by VVGONST-A may
also be diverted towards glycolipid decoration. Recently, it has been
shown that Arabidopsis mutants in the GDP-mannose transporter,
GONST1, have significantly less mannosylation of glycosphingo-
lipids [40]. Although to our knowledge, there are no studies on
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Fig. 5. Substrate specificity of VWVGONST-A and VVGONST-B expressed in tobacco
cells. The substrate specificity of VWVGONST-A-GFP (A) and VVGONST-B-GFP (B) was
determined. Nucleotide-sugar uptake was determined in microsomal vesicles iso-
lated from tobacco leaves infiltrated with vector without insert (white bars) and
VVGONST-A-GFP or VVGONST-B-GFP (black bars). Microsomal vesicles were incu-
bated for 3min at 25°C with radiolabelled nucleotide-sugar (1 wM, 0.1 uCi) and
reactions were stopped by filtration. The averages of a representative assay with SE
bars are shown (n=3). Data were analysed by a Student’s t-test (*, p<0.05; ns, not
significant).

the presence of mannosphingolipids in grape berries, VVGONST-A
could also be involved in importing the substrate for use by manno-
syltransferases responsible for decoration of equivalent glycolipids
in this species.

VVCSTLP1, an NST related to CMP-sialic acid transporters, has
recently been identified in V. vinifera. Nevertheless, it possesses
both N- and C-terminal ER retention signals and it is uncertain
whether VVCSTLP1 functions as a true CMP-sialic acid transporter
[31]. With the identification and characterisation of VVGONST-A
and VVGONST-B, our results lead us to conclude that one of the
steps of the glycosylation process, that of substrate import into the
Golgi lumen, is indeed conserved in this species. The generation
and phenotypic analysis of grapevine plants lacking one or both
of these NSTs would provide compelling evidence for the precise
function performed by these proteins in V. vinifera.
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