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Xylans play an important role in plant cell wall integrity and have many industrial applications. Characterization of xylan
synthase (XS) complexes responsible for the synthesis of these polymers is currently lacking. We recently purified XS activity
from etiolated wheat (Triticum aestivum) seedlings. To further characterize this purified activity, we analyzed its protein
composition and assembly. Proteomic analysis identified six main proteins: two glycosyltransferases (GTs) TaGT43-4 and
TaGT47-13; two putative mutases (TaGT75-3 and TaGT75-4) and two non-GTs; a germin-like protein (TaGLP); and a
vernalization related protein (TaVER2). Coexpression of TaGT43-4, TaGT47-13, TaGT75-3, and TaGT75-4 in Pichia pastoris
confirmed that these proteins form a complex. Confocal microscopy showed that all these proteins interact in the
endoplasmic reticulum (ER) but the complexes accumulate in Golgi, and TaGT43-4 acts as a scaffold protein that holds the
other proteins. Furthermore, ER export of the complexes is dependent of the interaction between TaGT43-4 and TaGT47-13.
Immunogold electron microscopy data support the conclusion that complex assembly occurs at specific areas of the ER before
export to the Golgi. A di-Arg motif and a long sequence motif within the transmembrane domains were found conserved at the
NH2-terminal ends of TaGT43-4 and homologous proteins from diverse taxa. These conserved motifs may control the forward
trafficking of the complexes and their accumulation in the Golgi. Our findings indicate that xylan synthesis in grasses may
involve a new regulatory mechanism linking complex assembly with forward trafficking and provide new insights that advance
our understanding of xylan biosynthesis and regulation in plants.

It is believed that Golgi-localized, multiprotein
complexes synthesize plant hemicellulosic polysac-
charides, including xylans. Such complexes are not well
characterized in plants (Zeng et al., 2010; Atmodjo et al.,
2011; Chou et al., 2012), which is in sharp contrast with
mammalian and yeast cells (Jungmann and Munro,
1998; McCormick et al., 2000; Giraudo et al., 2001).
Xylans are the most abundant plant hemicellulosic
polysaccharides on Earth and play an important role in
the integrity of cell walls, which is a key factor in plant
growth. Any mutations affecting xylan backbone bio-
synthesis seem to result in abnormal growth of plants
due mostly to thinning and weakening of secondary
xylem walls, described as the irregular xylem (irx)
phenotype. Thus, characterizing the xylan synthase

complex (XSC) would have an impact on plant im-
provement, as well as many industrial applications re-
lated to food, feed, and biofuel production (Yang and
Wyman, 2004; Faik, 2010). Although the Arabidopsis
(Arabidopsis thaliana) irx mutants have revealed the in-
volvement of several glycosyltransferase (GT) gene
families in xylan biosynthesis (Brown et al., 2007, 2009;
Lee et al., 2007, 2010;Wu et al., 2009, 2010), no XSCs have
been purified/isolated from Arabidopsis tissues, and we
still do not know whether some of the identified Arabi-
dopsis GTs can assemble into functional XSCs. Further-
more, if GTs do assemble into XSCs, we don’t know the
mechanisms by which plant cells control their assembly
and cellular trafficking. In contrast to dicots, xylan syn-
thase activity was recently immunopurified from etio-
lated wheat (Triticum aestivum) microsomes (Zeng et al.,
2010). This purified wheat XS activity was shown to
catalyze three activities, xylan-glucuronosyltransferase
(XGlcAT), xylan-xylosyltransferase (XXylT), and xylan-
arabinofuranosyltranferase (XAT), which work syner-
gistically to synthesize xylan-type polymers in vitro
(Zeng et al., 2008, 2010). This work focuses on describing
protein composition, assembly, and trafficking of this
purified wheat XS activity.

In all eukaryotes, proteins of the secretory pathway
(including GTs) are synthesized in the endoplasmic
reticulum (ER) and modified as they go through the
Golgi cisternae. Most proteins exit the ER from ER
export sites (ERESs; Hanton et al., 2009) and use a
signal-based sorting mechanism that allows them to be
selectively recruited into vesicles coated by coat protein
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II complexes (Barlowe, 2003; Beck et al., 2008). For
manyGolgi-resident type II membrane proteins, di-Arg
motifs, such as RR, RXR, and RRR located in their cy-
tosolic NH2-terminal ends, have been shown to be
required for their ER export (Giraudo et al., 2003;
Czlapinski and Bertozzi, 2006; Schoberer et al., 2009; Tu
and Banfield, 2010). Interestingly, di-Arg motifs located
;40 amino acids from the membrane on the cytosolic
side can also be used to retrieve some type II ER-resident
proteins from cis-Golgi (Schutze et al., 1994; Hardt et al.,
2003; Boulaflous et al., 2009). In contrast to the signal-
based sorting mechanism involved in trafficking be-
tween the ER and Golgi, the steady-state localization/
retention of proteins (including GTs) in the Golgi is
thought to occur through vesicular cycling. Cycling is
influenced by various mechanisms, including the length
and composition of the transmembrane domain (TMD)
of type II GTs (Bretscher and Munro, 1993; Colley, 1997;
van Vliet et al., 2003; Sousa et al., 2003; Sharpe et al.,
2010), and the oligomerization/aggregation of GTs (kin
hypothesis), which suggests that formation of homo- or
heterooligomers of GTs in the Golgi may prevent their
recruitment into clathrin-coated vesicles (Machamer,
1991; Nilsson et al., 1993; Weisz et al., 1993; Cole et al.,
1996). Some Golgi-resident GTs are predicted to have a
cleavable NH2-terminal secretion signal peptide (SP) and
would therefore exist as soluble proteins in the Golgi
lumen. To maintain their proper Golgi localization, these
processed GTs are likely part of multiprotein complexes
anchored to integral membrane proteins. The fact that
homologs of many of the trafficking proteins from
mammalian and yeast cells are found in plants indicates
that trafficking machineries of the plant secretory path-
way are likely conserved (d’Enfert et al., 1992; Bar-Peled
and Raikhel, 1997; Batoko et al., 2000; Pimpl et al., 2000;
Phillipson et al., 2001; Hawes et al., 2008).

It is becoming increasingly evident that under-
standing the mechanisms controlling protein-protein
interaction, sorting, and trafficking of polysaccharide
synthases (including XSCs) will help elucidate how
plants regulate cell wall synthesis and deposition dur-
ing their development. To this end, we believe that the
purified wheat XS activity (Zeng et al., 2010) is an ex-
cellent model for this type of study. In this work, pro-
teomics was used to determine the protein composition
of the purified XS activity. Confocal microscopy and
immunogold transmission electron microscopy (TEM)
were used to investigate the assembly and trafficking of
the complex. Our proteomics data showed that the
purified activity contains two GTs, TaGT43-4 and
TaGT47-13, two putative mutases, TaGT75-3 and
TaGT75-4, and two non-GT proteins: a germin-like
protein (TaGLP) belonging to cupin superfamily and
a protein specific to monocots annotated as wheat
vernalization-related protein 2 (TaVER2). Microscopy
analyses revealed that all these proteins interact in the
ER, but the assembled complexes accumulate in the
Golgi. Export of these complexes from the ER is con-
trolled by the interaction between TaGT43-4 and
TaGT47-13. Characterization of the wheat XSC and its

trafficking furthers our understanding of xylan bio-
synthesis in grasses and helps elucidate how polysac-
charide synthase complexes are assembled, sorted, and
maintained in different compartments of the secretory
pathway.

RESULTS

Proteomic Analysis of the Immunopurified Wheat
XS Activity

Peptide sequences released by in-gel trypsin digestion
of the previously immunopurified wheat XS activity
(Zeng et al., 2010) were determined by Electrospray
Ionization (ESI) tandem mass spectrometry (MS/MS)
(ESI-MS/MS), resulting in a total of 153,586 peptide se-
quences. Initially, these peptide sequences were used to
interrogate green plants (Viridiplantae) databases at
NCBInr using theMascot program. This search indicated
that 18,122 peptide sequences matched 311 proteins,
among which only 51 proteins satisfied our reliability
criteria (e.g. protein score $60 and a minimum of two
peptides having a -b or -y ion sequence tag of five resi-
dues or better; Table I). All 51 proteins, except four, were
members of the GT43, GT47, or GT75 families of the
CAZy database (Coutinho et al., 2003). Importantly,
TaGT43-4 and TaGT47-13 were matched by the highest
number of peptides and had the highest protein scores
(Table I, Figure 1D). Phylogenetic analysis also showed
that the identified proteins clustered with TaGT43-4
(homolog to Arabidopsis IRX14/IRX14-L; Figure 1A)
and TaGT47-13 (homolog to Arabidopsis IRX10/IRX10-L;
Figure 1B), but no proteins clustered with Arabidopsis
IRX7 (Fig. 1B) or with IRX9/IRX9-L (Fig. 1A). This result
is in agreement with western-blotting analysis in which
purified anti-TaGT43-4 and anti-TaGT47-13 antibodies
detected the presence of TaGT43-4 and TaGT47-13 in the
purified wheat XS activity (Zeng et al., 2010). Nine
members of the GT75 family were identified (Table I):
EMT30339 (Aegilops tauschii), XP_003562308 (Brachypodium
distachyon), XP_006856400 (Amborella trichopoda),
XP_004488432 (Cicer arietinum), XP_008785739 (Phoenix
dactylifera), XP_004490223 (C. arietinum), XP_003614188
(Medicago truncatula), XP_007138376 (Phaseolus vulgaris),
andXP_006408433 (Eutrema salsugineum). EMT30339 and
XP_003562308 were matched by the largest number of
peptides and showed 96 and 99% identitywith TaGT75-4,
respectively, while XP_006856400, XP_008785739, and
XP_004488432 showed 88 to 89% identity with TaGT75-3.
TaGT75-3 and TaGT75-4 were not identified initially
because their sequences were not present in NCBInr
database at the time of the original search. Phylogenetic
analysis clustered TaGT75-3 and TaGT75-4 with rice
(Oryza sativa) UDP-Arapmutases 1 (UAM1) and UAM3,
respectively (Fig. 1C), forwhichmutase activity has been
confirmed experimentally (Konishi et al., 2007). There-
fore, we concluded that TaGT75-3 and TaGT75-4 were
most likely mutases and were also associated with the
purified XS activity. This is also consistent with western-
blotting data, in which antibodies against PsRGP1 (the
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Table I. List of proteins identified in Mascot search along with their GI accession number in GenBank

Only proteins with score higher than 60 and two peptides are shown. Proteins identified by the same peptides have the same Mascot protein score
and were grouped together, which were classified in decreasing order for their Mascot protein scores.

Accession No.

in GenBank Description Prot. Score

No. of

Pept.

Matches GT Family

gi|301072484 Glycosyltransferase 47 [T. aestivum] (ADK56172) (TaGT47-13) 25,516 17 47
gi|475454583 Exostosin-1 [A. tauschii] (F775_00782)
gi|194706890 Unknown [Zea mays] (ACF87529)
gi|226529361 LOC100281324 precursor [Z. mays] (NP_001147714) 13,790 5 47
gi|242088705 Hypothetical protein SORBIDRAFT_09g027450 [Sorghum bicolor]
gi|63087754 Glycosyltransferase [T. aestivum] (CAI93192) (TaGT43-4) 13,749 15 43
gi|63087744 Glycosyltransferase [H. vulgare] (CAI93187) 12,686 13 43
gi|326487454 Predicted protein [H. vulgare] (BAJ89711)
gi|475510687 Galactosylgalactosylxylosylprotein 3-b-glucuronosyltransferase 1 [A. tauschii]

(EMT05302)
11,251 13 43

gi|242088703 Hypothetical protein SORBIDRAFT_09g027440 [S. bicolor] (EES18614)
gi|514747280 Probable glucuronosyltransferase Os01g0926700-like [Setaria italica] (XP_004961328) 8,793 5 47
gi|514747276 Probable glucuronosyltransferase Os01g0926600-like [S. italica] (XP_004961327) 7,154 5 47
gi|63087750 Glycosyltransferase [Saccharum officinarum] (CAI93190) 3,876 7 43
gi|514767605 Probable glucuronosyltransferase Os06g0687900-like [S. italica] (XP_004966284) 3,664 6 43
gi|16151819 VER2 [T. aestivum] (BAA32786) 3,627 11 –
gi|475612348 Hypothetical protein F775_25915 [A. tauschii] (EMT28373)
gi|242061766 Hypothetical protein SORBIDRAFT_04g021180 [S. bicolor] (XP_002452172) 2,856 3 47
gi|357149222 Probable glucuronosyltransferase Os02g0520750-like [B. distachyon] (XP_003575040) 2,801 2 47
gi|194701076 Unknown [Z. mays] (ACF84622) 2,535 2 43
gi|413934620 Glycosyltransferase [Z. mays] (AFW69171)
gi|29374017 GLP-binding protein 1b [S. tuberosum] (AAO72974) 1,857 2 –
gi|53854259 DING protein [S. tuberosum] (AAU95561) 1,469 6 –
gi|225456511 Probable b-1,4-xylosyltransferase IRX10L [Vitis vinifera] (XP_002284685) 1,266 2 47
gi|75159221 Probable glucuronosyltransferase Os01g0926700 [O. sativa Japonica Group]
gi|226503833 Secondary cell wall-related glycosyltransferase family 47 precursor [Z. mays]

(NP_001149319)
gi|242059743 Hypothetical protein SORBIDRAFT_03g044530 [S. bicolor] (XP_002459017)
gi|357126610 Probable glucuronosyltransferase Os01g0926700-like [B. distachyon] (XP_003564980) 1,069 4 47
gi|413951430 Secondary cell wall glycosyltransferase family 47 [Z. mays] (AFW84079)
gi|514786644 Probable glucuronosyltransferase Os01g0926700-like [S. italica] (XP_004971138)
gi|573915216 Probable glucuronosyltransferase Os01g0926700-like [Oryza brachyantha]

(XP_006645266)
gi|357121199 UDP-arabinopyranose mutase 1-like [B. distachyon] (XP_003562308)
gi|475618083 a-1,4-Glucan-protein synthase (UDP-forming) [A. tauschii] (EMT30339) 796 5 75
gi|672124692 UDP-arabinopyranose mutase 3-like [P. dactylifera] (XP_008785739)
gi|502087115 UDP-arabinopyranose mutase 3-like [C. arietinum] (XP_004488432)
gi|586769976 Hypothetical protein AMTR_s00047p00209120 [A. trichopoda] (XP_006856400) 691 3 75
gi|502094462

gi|593329899
a-1,4-Glucan-protein synthase (UDP-forming)-like [C. arietinum] (XP_004490223)
Hypothetical protein PHAVU_009G203300g [P. vulgaris] (XP_007138376)

486 2 75

gi|357487801 a-1 4-Glucan-protein synthase [M. truncatula] (XP_003614188) 486 2 75
gi|698442876 Probable b-1,4-xylosyltransferase IRX10L [Nicotiana sylvestris] (XP_009763728) 405 2 47
gi|460386806 Probable b-1,4-xylosyltransferase IRX10L-like [Solanum lycopersicum] (XP_004239087)
gi|565364031 Probable b-1,4-xylosyltransferase IRX10L-like [S. tuberosum] (XP_006348731) 404 2 47
gi|567204084 Hypothetical protein EUTSA_v10021014mg [E. salsugineum] (XP_006408433) 332 3 75
gi|12231279 Os06g0687900 UDP-glucuronyltransferase-l [O. sativa Japonica Group] (BAB20991) 328 3 43
gi|18642697 Unknown protein [O. sativa Japonica Group] (AAL76189.1)
gi|21671946 Unknown protein similar to exostosin-2 [O. sativa Japonica Group] (AAM74308.1)
gi|110288702 Exostosin family protein, putative, expressed [O. sativa Japonica Group] (ABB46945.2) 291 4 47
gi|218184216 Hypothetical protein OsI_32904 [O. sativa Indica Group] (EEC66643.1)
gi|115481310 Os10g0180000 [O. sativa Japonica Group]
gi|212275360 Uncharacterized protein LOC100191151 precursor [Z. mays] (NP_001130059) 262 4 47
gi|363543255 Hypothetical protein precursor [Z. mays] (NP_001241842)
gi|5869973 Germin-like protein (GLP) [T. aestivum] (CAB55558.1) 60 6 –
gi|5869975 Germin-like protein [T. aestivum] (CAB55559.1)
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pea protein homologous to TaGT75-3 and TaGT75-4)
detected the presence of these proteins in the purified
wheat XS activity (Zeng et al., 2010).

The four remaining proteins identified were non-
GTs: one wheat protein (BAA32786) contained a diri-
gent domain and a jacalin lectin domain (Chong
et al., 1998; Yong et al., 2003) and was annotated as
vernalization-related gene 2 (TaVER2; Figure 1D); two
wheat proteins (CAB55558 and CAB55558) contained a
cupin domain and were annotated as wheat germin-
like protein (TaGLP; Schweizer et al., 1999; Dunwell
et al., 2000, 2004; Fig. 1D); and two potato (Solanum
tuberosum) proteins annotated as DING (AAO72974)
and GLP-binding proteins (AAU95561; Table I), which
were matched by six peptides with protein coverage of
61%. DING proteins belong to a family of high-affinity
phosphate-binding proteins having DINGGG motif at
their NH2 termini (Berna et al., 2002, 2008). However,
we were not able to identify homologs of potato DING
andGLP-binding proteins inwheat, rice, or B. distachyon.
Although the protein score of TaGLP was low (be-
cause peptides had low ion scores ,20), the quality

of the spectra was good. It is also known that germins
and GLPs are recalcitrant to proteases (Dunwell et al.,
2000), which may explain the difficulty in detecting
TaGLP in this analysis.

No Members of the GT2, GT8, and GT61 Families Were
Identified by Proteomic Analysis

It has been shown that members of the GT8 and GT61
families are xylan-a(1,2)GlcATs (Mortimer et al., 2010;
Lee et al., 2012; Rennie et al., 2012) and xylan-a(1,3)AraT
(Anders et al., 2012), respectively. Furthermore, several
members of the GT2 family have been implicated in
the synthesis of the backbone of some hemicellulosic
b(1,4)glycans. Therefore, we searched for peptides that
matched orthologs/homologs of these GTs using a small
in-house database (;600 sequences) consisting of protein
sequences from the CAZy family GT2 (including CSL
and CESAmembers), GT8, GT43, GT47, GT61, and GT75
ofwheat, barley (Hordeum vulgare), rice,B. distachyon, and
Arabidopsis. To overcome the fact that the wheat ge-
nome is not fully sequenced,we included sequences from

Figure 1. Maximum likelihood phylo-
genetic analysis of proteins from GT47
(A), GT43 (B), andGT75 (C) families that
were identified by proteomics (Table I).
Wheat (Ta, in blue), Arabidopsis (At),
and rice (Os) proteins are included for
comparison. Trees were generated
through the Phylogeny.fr platform using
MUSCLE 3.7 (Edgar 2004) and PhyML
3.0 (Guindon et al., 2010) programs.
Bootstrap values (based on 500 repli-
cate) are indicated at the tree nodes. The
scale measures evolutionary distance in
substitution per amino acids. D, List of
wheat proteins matched by the highest
number of peptides and having the
highest protein scores. Text in red indi-
cates the amino acid sequences covered
by the peptides. Protein coverage and
the number of peptides matching each
protein are indicated.

2002 Plant Physiol. Vol. 170, 2016

Jiang et al.



the closest species towheat, barley, forwhich the genome
is fully sequenced (Mayer et al., 2012). There is usually a
high rate of false discovery rate associatedwith the search
of such small databases. Despite this high false discovery
rate, the search resulted in the identification of only 100
proteins, and no members of the GT2, GT8, or GT61
families were among the hits. Among the 100 proteins,
only 40 proteins passed our reliability criteria: 24 of these
proteins belonged to the GT47 family, 11 were from the
GT75 family, and five proteins were from the GT43
family. Again, the highest number of peptides matched
TaGT43-4 (18 peptides), TaGT47-13 (28 peptides),
TaGT75-4 (13 peptides), and TaGT75-3 (10 peptides).
Protein coverage of these proteins is indicated in Figure
1D. Although TaGT75-4 and TaGT75-3 are 88% identical
and 90% similar, they were specifically identified by at
least two peptides unique to each of them. Therefore, we
concluded that the immunopurified wheat XS activity
is enriched mostly in TaGT43-4, TaGT47-13, TaGT75-3,
TaGT75-4, TaVER2, and TaGLP proteins.

The NH2-Terminal Secretion SP of TaGT47-13
Is Functional

Sequence analysis indicated that TaGT75-3, TaGT75-4,
and TaVER2 are predicted to be soluble proteins with
no NH2-terminal secretion SP, while TaGT47-13 and
TaGLP are predicted to have a cleavable SP. We tested
whether the SP sequence of TaGT47-13 is functional by
generating a construct encoding for a chimeric TaGT43-
4 protein (SP-TaGT43-4) in which the first 71 amino
acids, including TMD, were replaced with the first 31
amino acids of TaGT47-13. Expression of SP-TaGT43-4
alone in Pichia pastoris resulted in secretion of the pro-
tein in the culture medium (estimated size of ;48 kD),
but the presence of unprocessed SP-TaGT43-4 (SP not

cleaved) was also detected in microsomal membranes
(estimated size of ;52 kD; Supplemental Fig. S1).
Similarly, expression of TaGT47-13 alone in P. pastoris
also resulted in its detection in both culture medium
and microsomal membranes, with estimated sizes of
;56 and ;44 kD, respectively (Supplemental Fig. S1).
These results confirmed that the first 31 amino acids of
TaGT47-13 contain a cleavable SP, but the processing of
this SP seems to be incomplete. It is unclear why un-
processed TaGT47-13 runs at much higher size (;56 kD
compared to the expected size of ;47 kD) in SDS-
PAGE. Interestingly, our previous data on purified
wheat XSC suggest that wheat XSC contains only un-
processed TaGT47-13 (;56 kD), since a band of smaller
size (i.e. ;44 kD) was never detected with anti-
TaGT47-13 (Zeng et al., 2010).

TaGT43-4, TaGT47-13, TaGT75-3, and TaGT75-4 Can Form
a Complex in Pichia pastoris

As a first step to test whether the proteins identi-
fied by proteomic analysis can form a complex, we ex-
pressed the four wheat proteins (TaGT43-4, TaGT47-13,
TaGT75-3, and TaGT75-4) individually or in com-
binations in a system that does not have the capac-
ity to synthesize xylans, P. pastoris. We have shown
previously that, in nonreducing/nondenaturing gel
electrophoresis, TaGT43-4, TaGT47-13, and TaGT75-3/
TaGT75-4 comigrate as a complex that can be detec-
ted by purified anti-TaGT43-4, anti-TaGT47-13, and
anti-PsRGP1 antibodies as a single band with a mo-
lecular mass around 240 kD (Zeng et al., 2010). Using
this same immunoblot analysis, we monitored complex
assembly in microsomes from transgenic P. pastoris
cells coexpressing these wheat proteins. As shown in
Figure 2A, immunoblot analysis of detergent-extracts

Figure 2. Immunoblot analysis of Triton extracts from microsomal membranes of transgenic P. pastoris cells. Triton extracts
(20–25 mg proteins) were either analyzed under denaturing/reducing (D/R) conditions (1-D SDS-PAGE) or under nonreducing/
nondenaturing (ND/NR) conditions (gels contain 0.05% cholate instead of SDS and no DTT) without boiling, as described by
Zeng et al. (2010). A, Triton extracts from yeast cells coexpressing TaGT43-4, TaGT47-13, TaGT75-3, and TaGT75-4. B, Triton
extracts from yeast cells coexpressing only TaGT43-4 and TaGT47-13. C, Triton extracts from yeast cells expressing TaGT43-4 or
TaGT47-13 individually that were mixed (1:1 ratio) before analysis. Polyacrylamide gels were analyzed by immunoblot using
anti-TaGT43-4, anti-TaGT47-13, and anti-PsRGP1 antibodies. Molecular weight markers (kD) are indicated.
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of microsomes from transgenic yeast cells coexpressing
the four wheat proteins revealed that, under reducing/
denaturing (SDS-PAGE), anti-TaGT43-4, anti-TaGT47-
13, and anti-PsRGP1 antibodies detected single bands
corresponding to TaGT43-4, TaGT47-13, and TaGT75-3/-4
(TaGT75-4 andTaGT75-3 have a similar size; Supplemental
Fig. S2). Under nonreducing/nondenaturing conditions,
the three antibodies detected a samehighmolecularmass
band around 240 kD. These data confirm that (1) the four
GTs comigrated as a single complex, which mirrors our
previous data obtained with microsomes from wheat
seedlings (Zeng et al., 2010); and (2) only the unprocessed
version of TaGT47-13 is engaged in a complex with
TaGT43-4, as no band at;44 kDwas observed (compare
Fig. 2 and Supplemental Fig. S1). The estimated size of
;240 kD of the complex is consistent with a presence
of TaGT43-4, TaGT47-13, and TaGT75-3/-4 in a ratio of
2:1:2 (assuming that the estimated sizes of TaGT43-4,
TaGT47-13, and TaGT75-3/-4 are ;52, ;56, and ;40 kD,
respectively).

A similar analysis was carried out using microsomes
from transgenic P. pastoris cells coexpressing only
TaGT43-4 and TaGT47-13 and showed that, under
reducing/denaturing conditions, anti-TaGT43-4 and
TaGT47-13 antibodies detected single bands correspond-
ing to TaGT43-4 and TaGT47-13. Under nonreducing/
nonreducing conditions, the two antibodies detected a
highmolecularmass band around 160 kD (Fig. 2B). These
results confirm again that TaGT43-4 and TaGT47-13
comigrate as a complex that appears to contain TaGT43-4
and TaGT47-13 in a ratio of 2:1. Next, we asked whether
mixing individual proteins (produced separately in
P. pastoris cells) would assemble into a complex in vitro.
To this end, detergent extracts of microsomes from
transgenic yeast cell expressing TaGT43-4 or TaGT47-13
individually were mixed and subjected to the same im-
munoblot analysis. As shown in Figure 2C, gel electro-
phoresis under nonreducing/nondenaturing conditions
did not result in a single high molecular mass band; in-
stead, anti-TaGT43-4 and anti-TaGT47-13 antibodies
detected single bands corresponding to TaGT43-4 and
TaGT47-13 monomers. Taken together, these findings
strongly suggest that for efficient assembly, TaGT43-4
and TaGT47-13 need to be in close proximity during
their synthesis in the ER or may require specific mem-
brane environments (or chaperones) that facilitate their
interaction and assembly. In both cases, the assembly
most likely occurs in the ER before export to the Golgi.

TaGT43-4, TaGT47-13, and TaGLP Assemble into a
Complex in the ER, But Localize in the Trans-Golgi

To test the hypothesis that wheat XSC assembles in
the ER, we used confocal laser scanning microscopy
to investigate subcellular localization of transiently
expressed yellow fluorescent protein (YFP)-tagged
proteins in live epidermal cells of tobacco (Nicotiana
tabacum) leaves (Held et al., 2008). When YFP-TaGT43-4
construct was tested, YFP fluorescence colocalized with
GFP-HDEL, an ER marker (Batoko et al., 2000), but not

with a(2,6)-sialyltransferase transmembrane domain
(STtmd) fused to GFP (referred to as ST-GFP), a trans-
Golgi marker (Batoko et al., 2000; Fig. 3A). The same
result was obtained with TaGT43-4 fused to YFP at its
COOH-terminal end (TaGT43-4-YFP; Supplemental
Fig. S3), indicating that ER localization was not due to
YFP fusion to the NH2-terminal end of TaGT43-4.
Similarly, when TaGLP-YFP and YFP-TaVER2 con-
structs were tested, YFP fluorescence was also colo-
calized with GFP-HDEL at the ER, but not with ST-GFP
(Fig. 3, B and C, respectively). The same result was
obtained using SP-YFP-TaGLP construct (YFP inserted
downstream of the cleavage site for SP; Supplemental
Fig. S3). This ER localization of YFP-tagged TaGT43-4,
TaGLP, and TaVER2 was not an artifact of overpro-
duction of the fusion proteins, as incubation time (,24 h
or up to 4 d) after Agrobacterium tumefaciens infiltration
or lowering the amount of infiltrated A. tumefaciens
culture did not affect fluorescence localization. Also, it
is unlikely that ER localization is due to the fact that
tobacco, a dicot plant, was used as a system to express
proteins fromwheat, a monocot plant. Previous studies
showed that transient expression of YFP-tagged rice
xylosyl arabinosyl substitution of xylan 1 (XAX1, GT61)
in onion epidermal cells (Chiniquy et al., 2012) and YFP-
tagged wheat xylan arabinosyltransferase 2 (TaXAT2,
GT61) in tobacco epidermal cells (Anders et al., 2012)
both produced fluorescence that localized to the Golgi.
Similarly, several CSL-F proteins (GT2 family) from
variousmonocots including barley, rice, and B. distachyon
have been shown to localize to the proper compartments
(Golgi/plasma membrane) in tobacco and were func-
tional (Jobling, 2015; Kim et al., 2015; Wilson et al., 2015).
On the other hand, when transient expression of TaGT47-
13-YFP construct alone was tested in tobacco leaves,
YFP fluorescence colocalized with ST-GFP in the trans-
Golgi (Fig. 3D), while SP-YFP-TaGT47-13 construct (YFP
inserted after SP sequence) produced fluorescence that
stained the ER (Fig. 3E). Coexpressing SP-YFP-TaGT47-13
with untagged TaGT43-4 construct did not result in a
shift of fluorescence to the trans-Golgi, which could be
explained by the fact that YFP insertion could affect the
assembly of a functional “TaGT47-13/TaGT43-4” com-
plex that is retained in the ER. Alternatively, YFP could
affect the folding of TaGT47-13 required for the assembly
of a functional complex. Nonfunctional complexes are
retained in the ER. Therefore, TaGT47-13 may play a
more important role in both complex assembly and to-
gether, these findings suggest that, individually, all these
proteins (with the exception of TaGT47-13) aremost likely
retained in the ER and their export from the ER may
require interactions with each other. Retention of SP-YFP-
TaGT47-13 in the ER could be explained by the fact that
YFP insertion could affect the folding of TaGT47-13 re-
quired for the assembly of a functional complex. Non-
functional complexes are retained in the ER. Therefore,
TaGT47-13 may play a more important role in both
complex assembly and ER export.

To test this hypothesis, we examined the coexpression
of various combinations of TaGT43-4, TaGT47-13, and
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TaGLP. For example, YFP-TaGT43-4 was transiently
coexpressed with either TaGLP or TaGT47-13 constructs
(both untagged) and then simultaneously with both
of them. The presence of TaGLP did not change ER

localization of YFP-TaGT43-4 (Fig. 4A), whereas the
presence of TaGT47-13did result in a redistribution of the
fluorescence to a trans-Golgi punctate pattern (Fig. 4B).
Interestingly, coinfiltration of TaGLP-YFP with either

Figure 3. Subcellular localization of YFP-tagged TaGT43-4, TaGT47-13, TaGLP, and TaVER2 in epidermal cells of tobacco leaves. ER
marker, GFP-HDEL, anda(2,6)sialyltransferase fused toGFP (ST-GFP), trans-Golgimarker are used to show the colocalizationwith YFP-
tagged proteins. GFPand YFP fluorescence are shown in green and red, respectively, and their colocalization appears in yellow. Tagged
proteins were transiently expressed individually (indicated by a “+” sign on the left of the figure). YFP-TaGT43-4, TaGLP-YFP, and YFP-
TaVER2 localize to the ER (A–C, respectively).While TaGT47-13-YFP localizeswith ST-GFP (D), SP-YFP-TaGT47-13 localizeswithGFP-
HDEL (E). Bars = 10 mm. Schematic presentations of YFP-tagged constructs used in this study are shown in F.
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TaGT43-4 or TaGT47-13 constructs (both untagged)
did not change ER localization of YFP fluorescence
(Fig. 4, C and 4D, respectively), but coinfiltration with
both of these constructs resulted in a clear shift in YFP
fluorescence to the trans-Golgi (Fig. 4E). These results
indicate that for TaGT43-4 to exit the ER, the presence
of TaGT47-13 is required, while for TaGLP to exit the
ER, the presence of both TaGT43-4 and TaGT47-13 is
needed. Therefore, we concluded that the three pro-
teins can assemble into a complex in the ER and the
interaction between TaGT43-4 and TaGT47-13 is the
driver of ER export of the complex.

TaGT43-4 Interacts with Both TaGLP and TaGT47-13 in
the ER Lumen

To investigate protein-protein interactions between
TaGT43-4, TaGT47-13, and TaGLP, we used split-YFP

bimolecular fluorescence complementation (BiFC;
Bracha-Drori et al., 2004). We consistently observed
YFP fluorescence in the ER, when [TaGT43-4-Yc and
TaGLP-Yn] or [TaGT43-4-Yn and TaGLP-Yc] combina-
tions were tested (Fig. 5, A and B), indicating that
TaGT43-4 physically interacts with TaGLP and, as ex-
pected, both are retained in the ER. This fluorescence
was redistributed to the trans-Golgi upon inclusion of
untagged TaGT47-13 (Fig. 5, C and D). However, no
YFP fluorescence was observed when [TaGT47-13-Yc
and TaGLP-Yn] or [TaGT47-13-Yn and TaGLP-Yc]
combinations were tested (Fig. 5, E and F), indicating
that TaGT47-13 does not directly interact with TaGLP.
Coinfiltration of TaGT43-4-Yn and TaGT47-13-Yc con-
structs resulted in YFP fluorescence that colocalizes
with ST-GFP in the trans-Golgi (Fig. 5G), confirming
that interaction between TaGT47-13 and TaGT43-4
regulates ER export of the complex. As expected, the

Figure 4. Trafficking of YFP-TaGT43-4 and TaGLP-YFP when transiently expressed in combination with untagged TaGT47-13,
TaGT43-4, and/or TaGLP in epidermal cells of tobacco leaves. Coinfiltrated constructs are indicated by the “+” at the left of the figure.
ER marker (GFP-HDEL) and trans-Golgi marker (ST-GFP) were used to show the colocalization with YFP-tagged proteins. GFP and
YFP fluorescence are shown in green and red, respectively, and their colocalization appears in yellow. Note that YFP-TaGT43-4
export from the ER relies on the presence of TaGT47-13 (B), while the presence of TaGLP does not affect its localization (A). TaGLP-
YFP export from the ER requires the presence of both TaGT43-4 and TaGT47-13 (E), while the presence of TaGT43-4 alone does not
affect its localization (C). The insets in merge pictures in B and E show the overlap between YFP and ST-GFP. Bars = 10 mm.
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controls consisting of coexpression of [Yn-TaGT43-4
and TaGLP-Yc] and [Yn-TaGT43-4 and TaGT47-13-Yc]
combinations did not result in any fluorescence
(Supplemental Fig. S4, A and B), as Yn and Yc ends are
likely located on opposite sides of the membrane.
Thus, we concluded that (1) TaGT47-13 interacts with
TaGT43-4 but not with TaGLP, (2) TaGT43-4 interacts
with both TaGT47-13 and TaGLP, suggesting that
TaGT43-4 acts as a scaffold protein, and (3) the

trafficking of the complex is dependent of the interac-
tion between TaGT43-4 and TaGT47-13.

TaGT43-4 Interacts with TaVER2 and TaGT47-13 in the ER
and the Assembled Complex Localizes in a Golgi
Compartment Having Limited Overlap with Trans-Golgi

To investigate whether TaGT43-4 interacts with
TaVER2 in the ER and whether TaGT47-13 is required

Figure 5. TaGT43-4, TaGT47-13, and TaGLP assemble in the ER before export to the trans-Golgi. Protein-protein interactions
were visualized via BiFC (split-YFP). Coinfiltrated constructs are indicated by the “+” at the left of the figure. ER marker (GFP-
HDEL) and trans-Golgi marker (ST-GFP) were included to show the localization of the reconstituted YFP. GFP and YFP fluores-
cence are shown in green and red, respectively, and their colocalization (merge) appears in yellow. The insets in merge pictures in
C, D, and G show the overlap between YFP and ST-GFP. Bars = 10 mm
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Figure 6. TaGT43-4, TaVER2, and TaGT47-13 assemble in the ER before export to the Golgi. Protein-protein interactions were
investigated using BiFC (split-YFP). The data show that TaGT43-4 interacts with TaVER2 in the ER to form a complex that is
retained in the ER (A and B) until interactionwith untagged TaGT47-13, which results in the export of the complex from the ER to a
Golgi compartment that has partial overlap with trans-Golgi (C and D). ST-GFPand GFP-HDEL, and trans-Golgi and ER markers
were used to show the colocalization of the assembled YFP. GFPand YFP fluorescence are shown in green and red, respectively,
and their colocalization (merge) appears in yellow. Two-dimensional scatterplots on the right display the degree of overlap
between the red and green in the images. The inset in merge picture in C shows the limited overlap between YFP and ST-GFP.
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for ER export of the complex,weused split YFP tomonitor
their protein-protein interactions and YFP fluorescence
movements in live epidermal cells of tobacco leaves.
Transient expression of [TaVER2-Yc and Yn-TaGT43-4]
resulted in YFP fluorescence that localized in the ER (Fig.
6B) without any overlap with the trans-Golgi (Fig. 6A).
However, transient coexpression of this combinationwith
untagged TaGT47-13 resulted in the shift of the fluores-
cence to a Golgi compartment showing partial overlap
with the trans-Golgi (scatterplot and inset in Fig. 6C) and
no overlap with the ER (Fig. 6D). These findings suggest
that TaVER2 may play a role in preventing the complex
from reaching its proper and final localization within the
Golgi. Additional experimental work is required to de-
termine the exact physiological role of TaVER2 in traf-
ficking of wheat XSC and xylan biosynthesis.

TaGT43-4 Interacts with TaGT75-4 and TaGT75-3 at
Punctate Structures at the Surface of the ER

To test if TaGT43-4 acts as a scaffold protein, we
determined whether it interacts with TaGT75-3 and
TaGT75-4 on the cytosolic side of the membrane and
whether this interaction also takes place in the ER. First,
we determined the subcellular localization of TaGT75-
3/-4 through transient expression of TaGT75-4-YFP,
YFP-TaGT75-4, or TaGT75-3-YFP constructs individu-
ally. The resulting YFP fluorescence localizes mostly
(80%) with ST-GFP, but ;20% of the fluorescence lo-
calizes in certain areas at the surface of the ER seen as
punctate structures that had no overlap with ST-GFP
(indicated by arrows in Supplemental Fig. S5J). Using
split-YFP BiFC, we next monitored YFP fluorescence
reconstitution of [TaGT75-4-Yc and Yn-TaGT43-4] after
coinfiltration into tobacco leaf epidermal cells. As
demonstrated in Figure 7, the reconstituted YFP fluo-
rescence stained the ER weakly and was mostly con-
centrated in certain areas of the ER seen as punctate
structures that had limited overlap with the ER (GFP-
HDEL; Fig. 7A) and no overlap with the trans-Golgi
marker (ST-GFP; Figure 7B). Indeed, the fluorescence
staining from GFP-HDEL was mostly excluded from
these punctate structures (merge in Figure 7A) and
appeared to be similar to the structures observed in
Supplemental Figure S5J. Also, the mobility of YFP
fluorescence in these structures was more similar to the
mobility of the ER than trans-Golgi. As expected, the
control [TaGT75-4-Yc and TaGT43-4-Yn], [TaGT75-4-Yc
and TaGT47-13-Yn], or [TaGT75-4-Yn and TaGT47-13-Yc]
combinations did not result in any fluorescence
(Supplemental Fig. S4, C–E, respectively). Importantly,
coinfiltration of TaGT75-4-Yc and Yn-TaGT43-4 con-
structs along with untagged TaGT47-13 resulted in a
shift of the YFP fluorescence to the trans-Golgi, as
judged by its overlap with ST-GFP (Fig. 7D). This result

confirms that TaGT43-4 physically interacts with
TaGT75-4 and the importance of TaGT47-13 in ER ex-
port of the complex. Furthermore, TaGT43-4 can also
interact with TaGT75-3 (Fig. 8J). These findings further
confirm the role of TaGT43-4 as a scaffold protein that
can interact with at least five proteins (TaGT47-13,
TaGLP, TaVER2, TaGT75-3, and TaGT75-4).

Knowing frompreviouswork thatmutases aremostly
associated with Golgi membranes but not with the ER
membranes (Dhugga et al., 1997; Drakakaki et al., 2006),
our results suggest that TaGT75-3 and TaGT75-4 are
most likely added to the core wheat XSC (TaGT43-4/
TaGT47-13 complex) in the last step, which takes place
at these punctate structures that have less overlap with
the ER. Our hypothesis is that these punctate structures
could represent ERESs (daSilva et al., 2004; Hanton et al.,
2009) where XSCs are assembled before delivery to the
Golgi. Further work is needed to determine the exact
nature of these punctate structures.

TaGT43-4, TaGT75-3, TaGT75-4, and TaGLP, But Not
TaGT47-13, Can Self-Assemble

To determine the stoichiometry of the complex, we
analyzed the homo-oligomerization of TaGT43-4,
TaGT75-3/-4, TaGT47-13, and TaGLP using split-YFP.
Transient coexpression of combinations [TaGT43-4-Yc
and TaGT43-4-Yn] (Fig. 8A), [TaGLP-Yc and TaGLP-Yn]
(Fig. 8D), [TaGT75-4-Yc and TaGT75-4-Yn] (Fig. 8G), or
[TaGT75-3-Yc and TaGT75-3-Yn] (Fig. 8I) resulted in YFP
fluorescence reconstitution, indicating that these proteins
can form homodimers. TaGT47-13, on the other hand,
did not seem to interact with itself, as no YFP fluores-
cence was observed with the infiltration of [TaGT47-
13-Yc and TaGT47-13-Yn] combination despite many
attempts (Fig. 8F). Heterodimerization was also ob-
served with TaGT75-3 and TaGT75-4 ([TaGT75-3-Yc and
TaGT75-4-Yn]; Fig. 8H) andwith TaGT75-3 and TaGT43-
4 ([TaGT75-3-Yc andYn-TaGT43-4]; Fig. 8J). As expected,
the control [Yn-TaGT43-4 and TaGT43-4-Yc] combina-
tion did not result in fluorescence reconstitution
(Supplemental Fig. S4F). The fact that coexpression of
untagged [TaGT43-4 and TaGT47-13] and [TaGT43-4,
TaGT47-13, TaGT75-3, and TaGT75-4] combinations in
P. pastoris cells resulted in the formation of complexes
with molecular mass of;160 and;240 kD, respectively
(Fig. 2, A and B), is consistent with the conclusion that
TaGT43-4 and TaGT75-3/-4 form homo/heterodimers,
while TaGT47-13 does not. Moreover, because immu-
noblot analysis under nonreducing/nondenaturing
conditions of TaGT43-4 alone did not detect homo-
dimers (Fig. 2C), the data suggest that no disulfide link-
ages are formed between the two TaGT43-4s in the
homodimers and these homodimers are not stable to
detergent solubilization in the absence of TaGT47-13.

Figure 6. (Continued.)
Bars = 10 mm. Schematic presentations of YFP-tagged constructs used in this study are shown in E. TaVER2 is a soluble protein
containing two domains: a dirigent domain at the NH2-terminal end and a lectin domain (Jacalin) at the COOH-terminal end.
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Figure 7. TaGT43-4 interacts with TaGT75-4 at specific areas of the ER (A and B). The inclusion of untagged TaGT47-13 results in
ER export of “TaGT43-4/TaGT75-4” complex to trans-Golgi (C and D). Protein-protein interaction between TaGT43-4 and
TaGT75-4was investigated using BiFC (split-YFP). ST-GFPandGFP-HDEL, and trans-Golgi and ERmarkers were used to show the
colocalization of the assembled YFP. GFPand YFP fluorescence are shown in green and red, respectively, and their colocalization
(merge) appears in yellow. Two-dimensional scatterplots on the right display the degree of overlap between the red and green in
the images. The inset in merge picture in D shows the overlap between YFPand ST-GFP. Bars = 10mm. Schematic presentations of
YFP-tagged constructs used in this experiment are shown in E.
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Our data indicate that both TaGT43-4 and TaGLP
homodimers are retained in the ER (Fig. 8, A and D).
However, the fluorescence from TaGT43-4 homodimers

clearly redistributes to the trans-Golgi in presence of
untagged TaGT47-13 (Fig. 8B), but not in the presence of
untagged TaGLP alone (Fig. 8C). On the other hand, and

Figure 8. Self-assembly of TaGT43-4, TaGT75-3, TaGT75-4, TaGT47-13, and TaGLP was investigated through BiFC (split-YFP).
Both TaGT43-4 and TaGLP can form homodimers that localize to the ER (A and D, respectively). TaGT75-3 and TaGT75-4 can
form homodimers mostly localize to theGolgi (G and I, respectively) and can also form heterodimers (H). TaGT47-13 cannot self-
assemble (F). Interaction of TaGT43-4 homodimers with TaGT47-13 results in the shift of the fluorescence to the trans-Golgi (B),
while TaGLP homodimers are retained in the ER until interaction with both TaGT43-4 and TaGT47-13 (E). ERmarker (GFP-HDEL)
and trans-Golgi marker (ST-GFP) were included to show the localization of the assembled YFP. GFP and YFP fluorescence are
shown in green and red, respectively, and their colocalization (merge) appears in yellow. Bars = 10 mm.
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as expected, redistribution to the trans-Golgi of YFP
fluorescence from TaGLP homodimers required the
presence of both untagged TaGT43-4 and TaGT47-13
(compare Fig. 8, D and E). Taken together these findings
are consistent with the conclusion that wheat XSC as-
sembly initiates with the formation of TaGT43-4 homo-
dimers (scaffold) in the ER to which other proteins (i.e.
TaGLP and TaGT75s) are added with TaGT75-3/-4
added last.

Intracellular Localization of TaGT43-4, TaGT47-13, and
TaGT75-3/-4 in Wheat Tissues

Having shown that TaGT43-4, TaGT47-13, TaGT75-3,
and TaGT75-4 can form complexes in tobacco leaf
epidermal and P. pastoris cells, we next sought to de-
termine the intracellular localization of these proteins in
their native tissues in young etiolated wheat seedlings
(Fig. 9I) using purified anti-TaGT43-4 and anti-TaGT47-
13 antibodies and immunogold labeling TEM. We used
thin sections to increase epitope exposure and accessi-
bility of antibodies to these epitopes. According to
confocal microscopy data, TaGT43-4 and TaGT47-13
are expected to be localized to the ER and the Golgi
but not in the plasma membrane. This turned out to be
true, as the two antibodies gave very similar labeling
patterns (Fig. 9, A–D). Specifically, they labeled mostly
the ER and the area between the ER and cis-Golgi
consistent with intense trafficking of these proteins
between the ER and the cis-Golgi. The next most
abundant labeling was observed on trans-Golgi and
TGN. No labels were detected at the plasma membrane
or cell wall. To determine the location of TGN, we
used anti-PI-4Kb1 antibodies against the Arabidopsis
RabA4b effector protein (phosphatidylinositol-4 ki-
nase, PI-4Kb1; Kang et al., 2011), which localizes to
budding secretory vesicles in the TGN or en route to the

cell surface (Fig. 9, G and H). Statistical counting of;50
cells (gold particles n = 558 for anti-TaGT43-4 and n =
188 for anti-TaGT47-13) indicated that 65% of the la-
beling from both antibodies was associated with the ER
and the area between the ER and the cis-Golgi, ;30%
with trans-Golgi and TGN, and only ;5% of the la-
beling on cis- and medial-Golgi compartments (Fig. 9J).
When anti-PsRGP1, a well characterized antibody with
high specificity (Dhugga et al., 1997), was used, a very
similar labeling pattern as anti-TaGT43-4 and anti-
TaGT47-13 antibodies was observed (Fig. 9, E and F).
Statistical counting (;50 cells, gold particles n = 451)
also showed similar distribution, namely, ;10% of the
labeling was associated with the ER, ;30% with the
area between the ER and the cis-Golgi, ;50% with
trans-Golgi and TGN, and only ;10% of the labeling
on cis- and medial-Golgi compartments (Fig. 9J). This
distribution of labeling with anti-TaGT43-4, anti-
TaGT47-13, and anti-PsRGP1 is consistent with confo-
cal microscopy data and is expected if a multiprotein
complex must be assembled in the ER before transfer to
the Golgi.

During this analysis, we consistently observed that
the three antibodies produced clusters of labels (3 to 10
labels) located in structures seen as protrusions/
extensions from the ER (circled in Fig. 10, A, B, D, and
G) or detached clusters but close to the ER (circled in
Fig. 10, C, F, H, and I). We saw this clustering in 5 to
15% of the cells observed (depending on the antibody),
with anti-TaGT47-13 showing the lowest amount of
clustering. It is unlikely that these clusters of labeling
are due to clumping of antibodies, as gold particles are
not in contact with each other and there is no problem
with the fixation of the samples. Anti-PsRGP1 labels on
ER membranes were exclusively associated with the
clusters, as no individual labels on ERmembranes were
observed outside of the clusters. This is consistent with

Figure 9. Immunoelectron micro-
graphs of anti-TaGT43-4 (A and B),
anti-TaGT47-13 (C and D), anti-
PsRGP1 (E and F), and anti-PI-4Kb1
(G and H) in shoots of 3-d-old
etiolated wheat seedlings (I). Parti-
cles are marked with arrowheads.
Individual immunogold particles
(marked with arrowhead) are seen at
the ER surface, between the ER and
the cis-Golgi, and on the trans-Golgi
and TGN. Note that anti-PsRGP1
labels on ER membranes were ex-
clusively associatedwith the clusters
(see Fig. 10), as no individual labels
on ER membranes were observed
outside of these clusters. Frequency
(the number of particles counted
from ;50 cells) of immunogold la-
beling localization is presented in J.
Bars = 100 nm.
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confocal microscopy data (Fig. 7; Supplemental Fig. S5),
showing TaGT75-3/-4 interactingwith TaGT43-4 at areas
having limited overlap with the ER. These data again
suggest that TaGT75-3 and TaGT75-4 may be added to
the complex later in the assembly of the wheat XSC.

TaGT43-4 and Homologous Members from GT43 Family
Have Poorly Conserved NH2-Terminal Regions, But Share
Two Conserved Motifs

As mentioned above, TaGT43-4 is the only integral
membrane protein (type II) identified by proteomics in the
XSC. TaGT43-4 has a long NH2-terminal end (;49 amino
acids) on the cytosolic side of the ER and physically in-
teracts with TaGT47-13, TaGT75s, and TaGLP (e.g. it acts
as a scaffold protein). Thus, TaGT43-4 must contain the
necessary sorting signal sequences that control trafficking
and subcellular localization of the complex. This promp-
ted us to analyze the sequences of TaGT43-4 and 25
homologous proteins of the GT43 family (including
Arabidopsis IRX14/IRX14-L). Phylogenetic analysis clus-
teredmonocot anddicot proteins into two separate groups
supported by strong bootstrap values (Supplemental Fig.
S6). Interestingly, while the luminal regions (after the first
110 amino acids) of monocot and dicot proteins showed
high sequence conservation (;60% identity and ;85%

similarity), the NH2-terminal regions (the first 110 amino
acids consisting of ;49 amino acids on the cytosolic side,
;20 amino acids of the predicted TMDs, and ;40 amino
acids on the lumen side) are poorly conserved (;40%
identity and ;60% similarity). Despite this poor conser-
vation, sequence alignment of the NH2-terminal regions
revealed two conserved motifs, namely, a di-Arg (RR)
motif located ;10 amino acids from the NH2-terminal
ends and a Wx3Hx2CCx2Sx2LGxRFS motif found within
the predictedTMDs (Fig. 11). In addition, a Thr-rich region
consisting of 12 to 14Thr residues located;26 amino acids
downstream of the TMDs on the luminal side (Fig. 11)
seems to be specific to monocot homologs. Although the
roles of the conserved motifs and Thr-rich regions are not
known, we hypothesize that the NH2-terminal regions
may contain different sorting signals specific to monocot
and dicot proteins. To test this hypothesis, we generated a
chimeric construct encoding for IRX14-M3-YFP fusion
protein in which the first 71 amino acids of Arabidopsis
IRX14 proteinwere replacedwith thefirst 110 amino acids
of TaGT43-4 (Fig. 12A). As shown in Figure 12B, expres-
sion of IRX14-YFP construct resulted in YFP fluorescence
that colocalized mainly with ST-GFP in the trans-Golgi,
while expression of the chimeric construct IRX14-M3-
YFP resulted in YFP fluorescence that colocalized exclu-
sively with GFP-HDEL in the ER. Trans-Golgi localization

Figure 10. Immunoelectron micrographs
of anti-TaGT43-4 (A–C), anti-TaGT47-13
(D–F), and anti-PsRGP1 (G–I) in shoots
of 3-d-old etiolatedwheat seedlings.Circles
indicate clusters of 3 to 10 immunogold
particles seen as protrusions/extensions
from the ER (A, B, D, and G) or as clus-
ters detached but near the ER (C, F, H,
and I). Arrowheads indicate individual
immunogold particles. Bars = 100 nm.
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Figure 11. Alignment of the NH2-terminal regions (first 100 amino acids) of TaGT43-4 and 25 homologous proteins of the GT43 family. Sequences
were obtained from NCBI, Phytozome 10.3, or CAZy database. The alignment was generated through MUSCLE 3.7 program in the Phylogeny.fr
platform. The two conserved motifs (RR and Wx3Hx2CCx2Sx2LGxRFS in red) as well as a Thr-rich region specific to monocot proteins (in blue) are
highlighted in yellow. Monocot and dicot proteins with their accession numbers are indicated.
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of IRX14-YFP contrasts ER localization of TaGT43-4-YFP
(Figs. 3–5) but is in agreement with earlier work showing
Golgi localization ofArabidopsis IRX14when coexpressed
with Arabidopsis fragile fiber8 (FRA8) from GT47 family
(Lee et al., 2010). On the other hand, ER localization
of IRX14-M3-YFP is reminiscent of ER localization of
TaGT43-4-YFP and contrasts trans-Golgi localization of
IRX14-YFP, which strongly supports the conclusion that
NH2-terminal regions of TaGT43-4 and Arabidopsis
IRX14 have different localization/sorting signals. The
difference in sorting information alongwith the assembly-
dependent trafficking may point to a major difference in
the mechanisms that regulate/control xylan biosynthesis
between monocots and dicots. This could explain why
some monocot GT43 genes partially (or do not) comple-
ment Arabidopsis irx mutants (Lee et al., 2014). More
analyses are underway to dissect the sorting mechanisms
of these monocot proteins.

DISCUSSION

Despite the fact that several GTs associated with
xylan biosynthesis have been identified, isolation and

characterization of multiprotein XSCs in plants is cur-
rently lacking. We previously immunopurified an ac-
tive wheat XSC having XXylT, XAT, and XGlcAT
activities working cooperatively to synthesize xylan-
like polymers in vitro (Zeng et al., 2010). In this work,
we describe proteomic analysis of this wheat XS activ-
ity, as well as its assembly and trafficking. Our data
revealed that the purified activity is mostly enriched in
six proteins: TaGT43-4, TaGT47-13, TaGT75-3, TaGT75-4,
TaGLP, and TaVER2. We have no evidence that other
GTs are associated with the purified XS activity, spe-
cifically, no wheat homologs of the previously de-
scribed Arabidopsis GUX members of the GT8 family
(Mortimer et al., 2010; Lee et al., 2012; Rennie et al.,
2012) or the wheat a(1,3)XATs members of the GT61
family (Anders et al., 2012) were identified (Table I).
Furthermore, the search of a smaller database con-
taining protein sequences specifically from GT2, GT8,
GT43, GT47, GT61, and GT75 families from wheat,
barley, rice, B. distachyon, and Arabidopsis also failed to
identify GT members other than GT43, GT47, and
GT75. Therefore, we conclude that if members of the
GT2, GT8, and GT61 families are part of wheat XS

Figure 12. Confocal images of epidermal cells of tobacco leaves transiently expressing Arabidopsis IRX14-YFP (B) or IRX14-M3-
YFP, which encodes a protein having the first 71 amino acids replaced with the first 110 amino acids from TaGT43-4 (Nt110; C).
Schematic presentations of these constructs are shown in A. ST-GFPandGFP-HDEL, and trans-Golgi and ERmarkers were used to
show YFP localization. GFP and YFP fluorescence are shown in green and red, respectively, and their colocalization (merge)
appears in yellow. NH2-terminal region of TaGT43-4 is sufficient to retain IRX14-M3-YFP in the ER. Bars = 10 mm.
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activity, they must interact weakly (or have unstable
interactions) with the purified activity, which would
explain why they weren’t detected in our proteomic
analysis.

Implications of Proteomic Analysis in Xylan Biosynthesis

Earlier work showed that homologs of TaGT43-4
and TaGT47-13 in Arabidopsis (IRX14/IRX14-L and
IRX10/IRX10-L, respectively) and other plant systems
have XXylT activity responsible for xylan backbone
synthesis (Lee et al., 2012a, 2014; Jensen et al., 2014;
Urbanowicz et al., 2014). Thus, the presence of both
TaGT43-4 and TaGT47-13 in wheat XSC is consistent
with a role in xylan backbone synthesis and may sug-
gest the need for two or more GTs cooperating in po-
lymerizing Xyl residues into b(1,4)xylan chain, which
may help overcome the fact that two consecutive Xyl
residues need to be rotated 180° relative to each other.
However, a recent site-directed mutagenesis study
suggested that somemembers of the GT43 familymight
only have a structural role (Ren et al., 2014). TaGT43-4
in wheat XSC would fit this description, as it is the only
integral membrane protein identified by proteomics, it
is able to interact with five proteins (TaGT47-13,
TaGT75s, TaVER2, and TaGLP), and its interaction
with TaGT47-13 controls ER export of the complex. The
fact that Ren et al. (2014) also showed that mutations in
the conserved DXD motif in Arabidopsis IRX14 resul-
ted in a protein that could not complement the irx14
mutant phenotype would suggest that TaGT43-4 might
also have XXylT activity that contributes to xylan
backbone synthesis. Thus, further work is needed to
determine how several GTswork together to synthesize
the xylan backbone. The identification of TaGT75-3
and TaGT75-4 (homologs to rice mutases UAM3 and
UAM1, respectively) in wheat XSC is also in agreement
with their role in arabinoxylan biosynthesis as putative
mutases that catalyze the interconversion of UDP-Arap
to UDP-Araf (Konishi et al., 2007; Rautengarten et al.,
2011). Konishi et al. (2010) also observed a synergistic
effect in their study on rice, where combining UAM2
with UAM1 or UAM3 resulted in an increase in mutase
activity (up to 2-fold). The presence of two different
mutases (TaGT75-3/-4) in wheat XSC could provide a
similar positive synergistic effect. We previously
showed that purified wheat XS activity is able to syn-
thesize an arabinoxylan-like polymer in vitro (Zeng
et al., 2010). However, it was surprising that no mem-
bers of the GT61 families were identified in our pro-
teomic analysis, as XAT is needed to account for the
arabinosyl transfer activity observed in purified wheat
XS activity. It was also puzzling that no retaining GTs
(i.e. members of the GT8 family) were identified by our
proteomic analysis to account for the XGlcAT activity
also observed in purified wheat XS activity (Zeng et al.,
2010). Although it might be true that the purified wheat
XS activity may contain members of these two GTs that
are present in nondetectable quantities, we cannot
completely rule out the possibility that the wheat XSC,

consisting only of TaGT43-4, TaGT47-13, TaGT75-3,
TaGT75-4, TaGLP, and TaVER2, might be sufficient to
catalyze the three transferase activities (XXylT, XAT,
and XGlcAT). If this hypothesis is confirmed, it would
mean that additional mechanisms for a-Ara and
a-GlcA incorporation onto xylan backbone exist. More
experimental work is needed to verify these possibili-
ties and determine the mechanisms by which Xyl, Ara,
and GlcA are cooperatively incorporated into xylan
polymer by wheat XSC.

Another important implication from the proteomic
analysis is the identification of two possible new
players in xylan biosynthesis in grasses: TaGLP and
TaVER2. Identification of TaGLP gives support to
GLP’s gene ontology prediction: GO:0045492 (role in
xylan biosynthesis). TaGLP belongs to the cupin su-
perfamily, and cupin domain-containing proteins have
previously been linked to polysaccharide synthesis in
bacteria but not in plants. A bacterial protein involved
in capsular polysaccharide biosynthesis (CapF) has
been crystallized recently (2ZKL.pdb; http://www.
rcsb.org/pdb/explore.do?structureId=2ZKL; Miyafusa
et al., 2012). CapF contains a COOH-terminal cupin
domain linked to an NH2-terminal Rossman-fold
nucleotide-binding domain, common to GTs. The
cupin domain stabilizes the CapF homodimer through
protein-protein interaction and catalyzes C3 epimeri-
zation of UDP-4-hexulose (Miyafusa et al., 2012). Thus,
cupin domain of TaGLP could act as a stabilizing pro-
tein for TaGT43-4 homodimers and/or TaGT43-4/
TaGT47-13 complex. Since TaGLP can form homo-
dimers (Fig. 8D), cupin domains could also simply
function as stabilizers of TaGLP homodimers. Another
possible function of TaGLP is to recruit other interact-
ing proteins, such as GLP-binding proteins and DING
proteins, which have been shown to associate with
plant GLPs in vivo (Dunwell et al., 2000; Berna et al.,
2002). DINGproteins have a type 2 periplasmic binding
fold (PBP2), which is also found in the substrate-
binding domain of a cellulose-binding protein from
Thermotoga maritima (TmCBP). TmCBP binds a variety
of lengths of b(1,4)-linked Glc oligosaccharides (Cuneo
et al., 2009). Therefore, it is possible that DING/GLP-
binding proteins may act as polysaccharide chaperones
that interact with the newly synthesized xylan chain to
facilitate its rotation/movement through XSC.

TaVER2 was previously associated with wheat
flowering, as knockdown of TaVER2 caused delayed
flowering, while overexpressing wheat plants had
accelerated-flowering phenotype (Yong et al., 2003;
Xiao et al., 2014). However, TaVER2 has never been
associated with cell wall polysaccharides biosynthesis.
The fact that the assembled “TaGT43-4/TaVER2/
TaGT47-13” complex showed limited overlap with
trans-Golgi (Fig. 6C) suggests that the function of
TaVER2 may be to control xylan synthesis by pre-
venting XSC delivery to its proper localization (trans-
Golgi), which could result in less activity. Because
TaVER2 expression is up-regulated by jasmonic acid
(Feng et al., 2009) and TaGLP has structural similarity
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to auxin-binding proteins, a possible function of these
two proteins could be to modulate XS activity through
the action of phytohormones (auxin and jasmonic acid).
This modulating role is consistent with the observation
that (1) cell growth in grass coleoptiles is induced by
auxin and suppressed by jasmonic acid and abscisic
acid, and (2) overexpression of OsJAC1 (rice homolog
to TaVER2) suppresses coleoptile and stem elongation
in rice (Jiang et al., 2007). As regulators, TaGLP and
TaVER2 may not be required for XS activity and
therefore may not be a permanent component of wheat
XSC. Additional experimental work is required to de-
termine the exact role of TaGLP and TaVER2 in xylan
synthesis, and our hypotheses represent a starting
framework for further experiments.

Implications of Assembly-Dependent Trafficking in
Xylan Synthesis

We showed that the forward transport of TaGT43-4,
TaGT47-13, and TaGLP proteins is coupled with their
assembly into a complex in the ER. Such an assembly-
dependent traffickingmechanism has been described in
several membrane multiprotein complexes in mam-
malian and yeast cells and appears to involve a “quality
control” step regulating the assembly of functional
complexes before exiting the ER. For example, ATP-
sensitive potassium channels in animal cells need to
assemble into complexes containing specific numbers
and correct subunits before exiting the ER (Zerangue
et al., 1999), as do G-protein-coupled g-aminobutyric
acid receptors (Margeta-Mitrovic et al., 2000), invariant
chain of the major histo-compatibility complex class II
(Khalil et al., 2003), and IgG antibodies in animal blood
cells (Baumal et al., 1971; Mains and Sibley, 1983). In all
these cases, unassembled subunits or partial complexes
are retained in the ER. This assembly-dependent traf-
ficking mechanism has also been described in other
membrane complexes involved in polysaccharide bio-
synthesis, such as heparan sulfate synthase (HA) in
mammalian/yeast cells, which shares some biochemi-
cal properties with wheat XSC. Both wheat XSC and
HA synthase are Golgi localized. Physical interaction
between the twoHA synthase subunits EXT1 and EXT2
is required for ER export (McCormick et al., 2000), and
expression of EXT proteins individually results in their
retention in the ER (McCormick et al., 2000), which is
reminiscent of ER retention of TaGT43-4 and TaGLP.
Similarly, TaGT43-4 and TaGT47-13 interaction is also
required for ER export of the wheat XSC. Our immuno-
gold TEM microscopy data suggest that the wheat XSC
assembly process is sufficiently slow to allow the obser-
vation of ER sites where the complex is assembled before
export, which are seen as protrusions/extensions from
the ER labeled by clusters of immunogold labels (Fig. 10).
These clusters of labels were also seen detached but close
to the ER (Fig. 10). Our confocalmicroscopy data suggest
that TaGT75-3 andTaGT75-4 are added to the complex in
the last step at certain punctate structures in the ERbefore
export from the ER (Fig. 7). These punctate structures are

most likely the same ER areas labeled with clusters of
immunogold particles in our TEM analysis.

Although the exact mechanism of assembly-
dependent trafficking of wheat XSC assembly has not
yet been fully elucidated, it is tempting to propose that
the assembly of GTs into complexes, such as wheat XSC
and HA synthase, occurs through a coupled folding
and binding mechanism described for the assembly of
IgG subclasses (Baumal et al., 1971; Dyson and Wright
2002), which involves chaperones to ensure that only
specific combinations of heavy chains and two identical
light chains are correctly associated and functional
(Mains and Sibley, 1983). The assembly of IgGs starts
with the formation of heavy chain homodimers that are
actively retained in the ER unless they associate with
light chains, which can exit the ER alone. In the case of
wheat XSC, the assembly of the complex would start
with the formation of TaGT43-4 homodimers. TaGT43-4
dimerization could possibly involve hydrogen bonds,
hydrophobic and electrostatic interactions involving
the COOH-terminal end of the globular domain of
TaGT43-4, as was observed in the solved crystal struc-
ture of human glucuronosyltransferase, GlcAT-P (also
belonging to the GT43 family), showing the COOH-
terminal region forming a long loop that extends to
the other molecule in the homodimer (Kakuda et al.,
2004). The fact that the monomeric form of TaGT43-4
(;52 kD) is the major species in nonreducing/
nondenaturing gel electrophoresis (Fig. 2C) indicates
that the two TaGT43-4s in a homodimer are not stable
to detergent extraction and interaction with TaGT47-13
allows the formation of stable complexes. Partial com-
plexes are retained in the ER (or ERES) unless they
interact with TaGT47-13. Several close homologs of
TaGT43-4, TaGT47-13, and TaGLP exist in wheat and
other grasses, which can give rise to different com-
plexes having various protein combinations and dif-
ferences in biochemical characteristics. Therefore, a
coupled folding and binding mechanism would ensure
that only specific GT combinations are assembled into
functional complexes, allowing a cell to assemble vari-
ous complexes from closely related GTs (i.e. IRX9/
IRX9-L versus IRX14/IRX14-L; IRX7/IRX7-L versus
IRX10/IRX10-L, etc.), as was proposed earlier (Faik
et al., 2013). The fact that the purified wheat XSC did
not contain homologs to Arabidopsis IRX9/IRX9-L or
IRX7/IRX7-L is also consistent with this idea and
would also explain why IRX genes do not fully com-
plement one another (Brown et al., 2007).

TaGT47-13 Might Play a More Important Role in the
Assembly, Trafficking, and Subcellular Localization of
Wheat XSC

It was surprising to observe that TaGT47-13-YFP
alone can exit the ER and accumulate in the trans-
Golgi (Fig. 3D). One explanation for this might be that
the SP of TaGT47-13 is not cleaved from the mature
protein and instead serves to anchor TaGT47-13 to the
membrane and as a Golgi localization signal. In support
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of this hypothesis, expression of TaGT47-13 in P. pastoris
cells showed both processed TaGT47-13 in the culture
medium with the correct size (;44 kD), as well as un-
processed TaGT47-13 (including SP) in microsomal
fractions (;56 kD; Supplemental Fig. S1). Furthermore,
the XSC complex seems to contain only the unprocessed
form of TaGT47-13, as no;44-kD band was observed in
purified wheat XS activity (Zeng et al., 2010) or in XSC
expressed in P. pastoris (Fig. 2, A and B). Therefore, un-
processed TaGT47-13 can exit the ER alone and accu-
mulate in the Golgi (suggesting that the SPmay in fact be
a cryptic TMD and Golgi localization signal). Analysis of
the SP sequence using the TMD organelle predictor
program (Sharpe et al., 2010) predicts Golgi localization
of unprocessed TaGT47-13 (with score 66), which is
consistent with our data. The observation that SP-YFP-
TaGT47-13 is retained in the ER may suggest that inser-
tion of YFP after the SP cleavage sitemight induce defects
in the folding of TaGT47-13 itself, which may interfere
with the formation/assembly of a nonfunctional “SP-
YFP-TaGT47-13/TaGT43-4” complex, resulting in a
transport-incompetent complex that is retained in the ER.
Therefore, our results suggest that the SP and near-
luminal sequence of TaGT47-13 play important roles in
the assembly of functional complexes as well as in the
trafficking of these complexes. It is unlikely that TaGT47-
13-YFP alone exits the ER because of an interactionwith a
tobacco homolog of TaGT43-4 because this should also
apply to TaGT43-4, which is not observed. The data are
also consistent with a coupled folding and binding
mechanism involving a “quality control” step allowing
only properly assembled and functional complexes to exit
the ER. TaGT47-13 may not need interaction with other
proteins to exit the ER, but its proper folding and as-
sembly with the correct partners could be a prerequisite

for ER export. Taken together, our data point to a more
important regulatory role of TaGT47-13 in the assembly,
trafficking, and subcellular localization of wheat XSC.

The Assembly and Trafficking of Wheat XSC Might Be
Linked via Signal Sequences

In the assembly-dependent trafficking process, di-
basic motifs (i.e. RR, RXR, and RRR) have been in-
volved in linking the assembly of the complexes to their
trafficking through ER retrieval pathway (for review,
see Michelsen et al., 2005). These di-basic motifs are
usually located;40 amino acids from the TMDs in type
II membrane proteins, such as GTs. Interestingly, one of
the conserved motifs in the NH2-terminal region (the
first 110 amino acids) of TaGT43-4 (and its homologs in
GT43 family from several taxa) is a di-Arg (RR) motif
located;36 amino acids from the TMD on the cytosolic
side, which is consistent with a role in the ER re-
trieval pathway that retains unassembled proteins and
partial/nonfunctional complexes in the ER. Howmight
this RR motif link XSC assembly to its trafficking? It is
conceivable that the RR motif is exposed in unassem-
bled TaGT43-4 and partial/nonfunctional complexes,
which would act as a “quality control” system to allow
retention/retrieval of these partial complexes and en-
sure that only properly assembled and functional
complexes with specific GTs exit the ER. This RR motif
would become masked in fully assembled XSCs,
allowing them to exit the ER. Conformation changes of
TaGT43-4 in the fully assembled and functional XSCs
could result in masking this RR motif through steric
masking or other mechanisms, such as attachment of
additional proteins or posttranslational modifications
(i.e. phosphorylation, glycosylation, etc.). Once XSCs

Figure 13. Model for the assembly and trafficking
of wheat XSC. This model assumes that the central
core of wheat XSC is formed of TaGT43-4 and
TaGT47-13 but can include TaGT75s, TaGLP, and/
or TaVER2. The assembly of this core complex
occurs in the ER through a coupled folding and
binding mechanism and starts with TaGT43-4
forming homodimers. However, the trafficking of
the functionally assembled complex is signal me-
diated and involves a di-Arg (RR) motif at the NH2-
terminal region of TaGT43-4. This RR motif is
exposed in unassembled TaGT43-4 homodimers
but is masked in a functional TaGT43-4/TaGT47-13
complex. Unmasked RR motif acts as an ER
retention/retrieval signal, while masked RR motif
allows the functional complex to escape this re-
tention/retrieval process and exit the ER from
ERESs. The accumulation of the complex in trans-
Golgi is hypothesized to be under the control of
the TMD of TaGT43-4 and the NH2-terminal se-
cretion SP of TaGT47-13, acting as a cryptic TMD.
This model assumes that TaGT75s are added to the
complex at the ERESs before export to the Golgi.
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are fully assembled and released from the ER, they ac-
cumulate in specific subcompartments of the Golgi,
which could be mediated by the second conserved
motif (Wx3Hx2CCx2Sx2LGxRFS) located in the TMD
(Fig. 11), as well as the SP sequence (acting as a TMD) of
TaGT47-13. Indeed, TMDs have been shown to play an
important role in Golgi retention and homodimeriza-
tion of many GTs in mammalian, yeast, and plant sys-
tems (Aoki et al., 1992; Munro, 1995; Rayner and
Pelham, 1997; Brandizzi et al., 2002a). Moreover, it has
been shown previously that the Cys-29 and His-32
residues within the TMD of a mammalian galactosyl-
transferase are critical for its Golgi retention (Aoki et al.,
1992). Therefore, it is possible that this second con-
served motif in the NH2-terminal region of TaGT43-4,
which also contains two Cys and one His residues, may
play a role in Golgi retention/accumulation of fully
assembled XSCs. A model for the assembly and traf-
ficking of wheat XSC is presented in Figure 13. Work in
our labs is underway to experimentally determine the
role of the conserved motifs in targeting of XSC. Note
that this model does not take in consideration the role of
TaVER2 in this trafficking, which is speculative to this
point.
In summary, the characterization of wheat XSC has

revealed several new insights regarding the composi-
tion, assembly, and trafficking of wheat XSC. We be-
lieve that our work fills in some important gaps in our
understanding of xylan and hemicellulose biosynthesis
in plants and reconciles biochemical data with some of
the genetic data. This work has also established the
groundwork for future studies concerning the role of
the NH2-terminal regions in controlling the trafficking/
sorting of monocot and dicot XSC.

MATERIALS AND METHODS

Chemicals and Plant Materials

Triton X-100, BSA, DL-DTT, phenylmethylsulfonyl fluoride, acid-washed
glass beads (425–600 mm), and other chemicals were from Sigma-Aldrich.
Protease inhibitor cocktail tablets (cOmplete, EDTA-free) were from Roche,
and protease inhibitor cocktail IV was from RPI. Anti-TaGT43-4 and anti-
TaGT47-13 were prepared in our lab as described (Zeng et al., 2010). Anti-
PsRGP1 and anti-PI-4Kb1 were generous gifts from Dr. Kanwarpal Dhugga
(Pioneer Hi-Bred) and Dr. Erik Nielsen (University of Michigan, Ann Arbor),
respectively. Protein concentrations were determined by Bradford assay (Bio-
Rad) using BSA as the standard. Plasmid miniprep and gel extraction kits were
purchased from Qiagen.

Proteomic Analysis

Instrument and Conditions

Proteomicswas carried out at theMass Spectrometry andProteomics Facility
at the Campus Chemical Instrument Center of OH State University using
capillary-liquid chromatography tandem mass spectrometry on a Thermo
Scientific LTQmass spectrometer equippedwith a CaptiveSpray source (Bruker
Daltonics) operated in positive ion mode. The liquid chromatography system
was an UltiMate 3000 system from Thermo Scientific. Solvent A was water
containing 50mM acetic acid, and the solvent Bwas acetonitrile. Five microliters
of each sample was first injected onto the m-Precolumn Cartridge (Thermo
Scientific) andwashedwith 50mM acetic acid. The injector port was switched to

inject and the peptides were eluted off of the trap onto the column. A 0.2 3
150mm, 3u, 200A,Magic C18 (Bruker Daltonics) was used for chromatographic
separations. Peptides were eluted directly off the column into the LTQ system
using a gradient of 2 to 80% B over 45 min, with a flow rate of 2 mL/min. The
total run time was 60 min. The mass spectra were acquired according to stan-
dard conditions established in the lab. Briefly, a CaptiveSpray source operated
with a spray voltage of 3 kV and a capillary temperature of 200°C. The scan
sequence of the mass spectrometer was based on the TopTen method; the
analysis was programmed for a full scan recorded between 350 and 2000 D and
a tandem mass spectrometry (MS/MS) scan to generate product ion spectra to
determine amino acid sequence in consecutive instrument scans of the 10 most
abundant peak in the spectrum. The AGC Target ion number was set at 30,000
ions for full scan and 10,000 ions for MSn mode. Maximum ion injection time
was set at 20ms for full scan and 300ms forMSnmode.Micro-scan number was
set at 1 for both full scan andMSn scan. The collision-induced dissociation (CID)
fragmentation energy was set to 35%. Dynamic exclusion was enabled with
a repeat count of 2 within 10 s, a mass list size of 200, an exclusion duration of
350 s, low mass width of 0.5, and high mass width of 1.5.

Sample Preparation and Analysis

Several immunopurifiedwheat (Triticum aestivum) XS activity fractionswere
combined (for detailed immunopurification procedures, see Zeng et al., 2010)
and precipitated with TCA-acetone. Precipitated proteins (50 mg) were resus-
pended in 20 mL Invitrisol plus 1 mL of 10% ASB-14 detergent and 2 mL of 103
SDS-PAGE loading dye. After heating at 90°C for 7 min, proteins were sepa-
rated by 1-D gel electrophoresis (SDS-PAGE) using precast gels (NuPAGE;
Invitrogen). The gels were rinsed with water for 10 min to remove excess SDS
and fixed by a nonmodifying, precipitation solution of ethanol-acetic acid (50%
[v/v] and 10% [v/v], respectively), before staining with Coomassie Brilliant
Blue solution (0.1% [w/v] Coomassie Brilliant Blue R350, 20% [v/v] methanol,
and 10% [v/v] acetic acid) for 1 h and destained overnight in 50% (v/v)
methanol in water with 10% (v/v) acetic acid. Next, the gel was sliced into 32
small pieces, and each piece was used for in-gel trypsin digestion (enzyme to
substrate ratio of 1:10 [w/v]). Released peptides were then analyzed by MS/
MS. Briefly, sequence information from the MS/MS data were processed by
converting the raw data files into a merged file (.mgf) using an in-house pro-
gram (RAW2MZXML_n_MGF_batch; merge.pl, a Perl script). The resulting .
mgf files were searched against the full Viridiplantae (green plant) database at
NCBInr (2,509,864 sequences) using Mascot Daemon byMatrix Science version
2.4.1. The mass accuracy of the precursor ions were set to 2.0 D given that the
data were acquired on an ion trap mass analyzer and the fragment mass ac-
curacy was set to 0.5 D. Considered variable modifications were Met oxidation
and deamidated Asn (N) and Gln (Q) residues, with a fixed modification of
carbamidomethyl Cys. Two missed cleavages for the enzyme were permitted.
Peptides with a score of less than 50 were filtered. Protein identifications were
checked manually, and proteins with a Mascot protein score of 60 or higher
with a minimum of two unique peptides from one protein having a -b or -y ion
sequence tag of five residues or better were accepted.

Transformation and Screening for Transgenic Pichia
pastoris Cells

The P. pastoris X-33 strain was used for simultaneous transformation with
multiple genes. Wheat genes (TaGT43-4, TaGT47-13, TaGT75-3, TaGT75-4,
TaGLP, and TaVER2) were cloned by PCR from a wheat seed cDNA library
(Zeng et al., 2010), using primers containing EcoRI restriction sites (except for
TaGLP, where NotI sites were used). The amplified products were first ligated
into pCR8 vector (Invitrogen) and then transferred to the pPICZ-A vector
(Invitrogen) using EcoRI or NotI restriction enzymes. For TaGT43-4, forward
primer was 59-GACGAATTCATGATGAAGCAGCTGCTGCCG-39 and reverse
primer was 59-GACGAATTCTCAGTTGTGGACGTCGCCC-39. For TaGT47-13,
forward primer was 59-GACGAATTCATGGAGAAGCCGCGGGC-39 and re-
verse primer was 59-GACGAATTCCTACCATGGCTTCAGGTCGCC-39. For
TaGT75-3, forward primer was 59-GACGAATTCATGGCCACCCCGACGAC-39
and reverse primer was 59-GACGAATTCTCACTTGCTCTTCAGAGCAGGGC-39. For
TaGT75-4, forward primer was 59-GACGAATTCATGGCAGGGACGGTGACTG-39
and reverse primer was 59-GACGAATTCCTACTTGGCTGCTGCCTTGC-39. For
TaGLP, forward primer was 59-GCGGCCGCATGGCATCACCCTCTTCCTTCC-39 and
reverseprimerwas59-GCGGCCGCTTAGTTGTGGTTGTTCTCCCAGAACTGA-39. For
TaVER2, forward primer was 59-GACGAATTCATGGCCAAATTCCAGATTA-
CACCGTTC-39 and reverse primer was 59-GACGAATTCTCAGACCGTGTAAA-
CACCAAATGCG-39. Equal amounts (;5 mg) of linearized pPICZ-A plasmids
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containing individual wheat genes (a total of six plasmids) were mixed with
100 mL competent P. pastoris cells in a chilled electroporation cuvette (Fisher
Scientific) and kept on ice. Competent cells were generated according to the
manufacturer’s instructions (Invitrogen). The mixture pPICZ plasmids and
competent P. pastoris cells were pulsed using a Gene Pulser II (Bio-Rad)
according to the manufacturer’s recommendations (1.8 kV, 200V, at 25 mF).
Immediately following electroporation, 1 mL of ice-cold 1 M sorbitol was added
to the mixture and the yeast cells were kept at 30°C for 2 h (without shaking).
After incubation, yeast cells were plated on YPD medium containing Zeocin
(100 mg/mL) and allowed to grow at 28°C for 48 h. About 600 colonies of
transgenic yeast cells were screened by PCR to determine which wheat genes
were successfully inserted into the genome.

Protein Production in Transgenic P. pastoris Cells

Each transgenic P. pastoris cell line was cultured overnight at 28°C with
shaking (200 rpm), in 15 mL BMGYmedium (1% [w/w] yeast extract, 2% [w/w]
peptone, 100 mM potassium phosphate, pH 6.0, 1.34% [w/w] yeast nitrogen
base, 1% [v/v] glycerol, and 4 3 1025% biotin) until the OD600 reached ;2.
Protein production was then initiated by transferring P. pastoris cells to 50 mL
BMMY medium (1% [w/w] yeast extract, 2% [w/w] peptone, 100 mM potas-
sium phosphate, pH 6.0, 1.34% [w/w] yeast nitrogen base, 4 3 1025% biotin,
and 0.5% [v/v] methanol) to an OD600 of 1.0 in a 250-mL baffled flask, and
cultured at 28°Cwith shaking (250 rpm). Protein productionwasmaintained by
adding methanol (0.5% [v/v] final concentration) every 24 h. After 5 d of in-
duction, cells were harvested by centrifugation at 4,000g for 30 min at 4°C and
used directly for preparation of microsomal membranes.

Microsomal Membranes Preparation from P. pastoris Cells

Harvested P. pastoris cells were resuspended in 10 mL of extraction buffer
(EB; 100 mM HEPES-KOH, pH 7.0, 0.4 M Suc, 1 mM DTT, 5 mM MgCl2, 5 mM

MnCl2, and 5 mM phenylmethylsulfonyl fluoride), containing one Protease in-
hibitor cocktail tablet and 0.5 mL of protease inhibitor cocktail IV per 100 mL
EB. P. pastoris cells were broken by vortexing with acid-washed glass beads
(;2mL per 5mL of P. pastoris cell suspension) for 83 40 swith 30s of cooling on
ice between vortexing steps. After centrifugation (4,000g for 10 min at 4°C),
supernatants were saved and laid carefully on top of 5 mL of cushion buffer
(100 mM HEPES-KOH, pH 7.0, containing 1.8 M Suc and 1 mM DTT) in an ul-
tracentrifugation tube. The tubes were centrifuged at 100,000g for 60 min at 4°C
using a swinging rotor SW32 and an Optima L-80 XP ultracentrifuge (Beckman
Coulter). Fractions at the interface between cushion buffer and EB were col-
lected and transferred to a new ultracentrifuge tube and centrifuged again at
120,000g for 30min at 4°C using a fixed angle rotor Ti70 (Beckman Coulter). The
pellets (microsomal membranes) were resuspended in 500 mL EB and stored at
280°C until use. Protein concentration in these microsomal preparations was
usually ;5 mg/mL.

The presence of TaGT43-4, TaGT47-13, TaGT75-3, and TaGT75-4 was con-
firmed by immunoblot using anti-TaGT43-4, anti-TaGT47-13, and anti-PsRGP1,
as described by Zeng et al. (2010).

PAGE Analysis

Microsomal membranes from transgenic P. pastoris cells were treated with
0.5% Triton X-100 and these Triton extracts (20–25 mg proteins/10–15 mL) were
analyzed under reducing/denaturing conditions using 10% one-dimensional
SDS-PAGE following standard methods. Triton extracts were mixed with
loading buffer (50 mM Tris-HCl, pH 6.8, 10% [w/v] DTT, 2% [w/v] SDS, 0.1%
[w/v] bromophenol blue, and 10% [v/v] glycerol) and boiled at 100°C for
10 min, and the mixtures were centrifuged briefly. The supernatants were
loaded onto SDS-polyacrylamide gels. For analysis under nondenaturing/
nonreducing conditions, polyacrylamide gels contained 0.05% [w/v] sodium
cholate instead of SDS, and Triton extracts were mixed with loading buffer that
contained 1% [w/v] sodium cholate instead of 1% [w/v] SDS and no DTT.
The mixture was loaded directly (without boiling) onto nondenaturing/
nonreducing polyacrylamide gels.

Immunoblotting

Proteins separated by polyacrylamide gelswere transferred onto Immobilon
membranes using the Mini-Protean Tetra system (Bio-Rad) according to the
manufacturer’s recommendations. Immunoblot analysis was carried out using

antisera to TaGT43-4 and TaGT47-13 (Zeng et al., 2010) and to PsRGP1 (Dhugga
et al., 1997). Anti-TaGT43-4, anti-TaGT47-13, and anti-PsRGP1 were used as
primary antibodies at dilutions varying between 1:2,000 and 1:10,000, and goat
anti-rabbit antibody conjugated to peroxidase was used as the secondary an-
tibody (at 1:5,000 dilution). Antibody binding was detected using SuperSignal
West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific).

Immunogold Electron Microscopy

Emerging shoots of 3-d-old etiolatedwheat seedlings (Fig. 9I) were dissected
and fixed in glutaraldehyde and OsO4 as described previously (Boudjeko et al.,
2006), except fixation in glutaraldehyde was carried out overnight at 4°C.
Samples were embedded in LR White resin (London Resin Company) or Epon
resin (Electron Microscopy Sciences). Ultrathin sections (70–90 nm) were col-
lected on 300 mesh Formvar-carbon film-coated gold grids (Electron Micros-
copy Sciences). Grids containing LR White sections and Epon sections
pretreated with 0.5 M NaIO4 and 0.1N HCl as described (Follet-Gueye et al.,
2003) were blocked for 1 h in 3%milk in PBS, pH 7.2. Grids were incubated in a
primary antibody (anti-TaGT43-4 and anti-PsRGP1 used at 1:20 dilution, anti-
TaGT47-13 at 1:15, and anti-PI-4Kb1 at 1:5) in 3% milk in PBS for 2 h. After
incubation, grids were washed with PBS containing 0.05% Tween to remove
excess primary antibody before incubation for 1 h with 18-nm colloidal gold
particles coupled to goat anti-rabbit IgG (Jackson ImmunoResearch) at 1:50
dilution in PBS containing 3% milk. Labeled grids were rinsed in PBS and then
water before staining with 2% uranyl acetate for 25 min, followed by 10 min
staining with Reynolds’ lead citrate diluted 10 times (Reynolds, 1963). Electron
micrographs were obtained using a JEOL JEM 1010 electron microscope
equipped with a Gatan model 791 Multiscan CCD camera and Gatan Digital
Micrograph software. The number of gold particles present in specific cell
compartments was quantified by direct visual examination of labeled sections
from several blocks (;50 cells from 30 sections were analyzed).

Confocal Laser Scanning Microscopy

The constructs and primer sequences are listed in Supplemental Table S1. All
constructs were made in plasmid pVKH18-En6 (daSilva et al., 2004; kindly
provided by Dr. Brandizzi, Michigan State University) containing full or halves
(Yn or Yc) of YFP. Yn corresponds to the 1 to 154 residues of the NH2-terminal
end, and Yc corresponds to the 155 to 239 residues of the COOH-terminal end.
For the constructs producing fusion proteins with YFP or halves (Yn or Yc) at
the COOH-terminal end of the target protein (i.e. TaGT43-4-YFP, TaGT43-4-Yn,
TaGT43-4-Yc, TaGT47-13-YFP, TaGT47-13-Yn, TaGT47-13-Yc, TaGLP-YFP,
TaGLP-Yn, and TaGLP-Yc), XbaI and SalI restriction sites were included in
forward and reverse primers, respectively, while for constructs having YFP or
halves (Yn or Yc) at the NH2-terminal of the target protein, BamHI and SacI
restriction siteswere included in forward and reverse primers, respectively. The
coding regions of the target proteins were amplified by PCR and subcloned into
pCR8 cloning vector (Invitrogen) and their sequences were checked for mis-
takes by DNA sequencing at OH University Genomic Facility before transfer to
plasmid pVKH18-En6 using the listed restriction sites (XbaI/SalI or BamHI/
SacI). If these restriction sites exist in the coding region of target proteins, an
overlap PCR-based strategy was used to eliminate them. SP-YFP-TaGT47-13
and SP-YFP-TaGLP constructs were generated through PCR-based strategy
using XhoI and HindIII sites to insert YFP after SP sequences (for TaGT47-13,
YFP was inserted between amino acids 30 and 31; for TaGLP, YFP was inserted
between amino acids 26 and 27). Untagged TaGT43-4, TaGT47-13, and TaGLP
constructs were generated through PCR using primers containingXbaI and SalI
restriction sites in the forward and reverse primers, respectively.

Transient expression of fluorescently tagged proteins using epidermal cell of
tobacco (Nicotiana tabacum) leaves was performed as described (Brandizzi et al.,
2002b). Leaves were infiltrated with Agrobacterium tumefaciens strain GV3101
transformed with plasmid pVKH18-En6 containing target protein-coding se-
quence fused to full YFP or its halves (Yn or Yc). Briefly, A. tumefaciens cultures
(at an OD600 between 0.05 and 0.2) were infiltrated into the leaf epidermis of
4-week-old tobacco plants (grown at 22°C, 16 h light). Protein expression was
under the control of enhancedCauliflower mosaic virus 35S promoter and tobacco
mosaic virus-V translation enhancer (Marusic et al., 2007). After 48 h of incu-
bation, the infiltrated leaves were analyzed using an upright Zeiss 510 confocal
laser scanningmicroscope (LSM510META; Carl ZeissMicroscopy) with a Plan-
NeoFluar 403/1.3 oil immersion objective. For each experiment or construct,
more than 20 individual cells were analyzed, and if 90 to 100% of the cells
showed similar expression pattern, the result was accepted. Representative
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pictures from three to five leaves of three to five plants are shown in figures.
YFP fluorescence was visualized with excitation of argon laser lines at 514 nm
and emission at 565 nm. GFP fluorescence was visualized with excitation at 458
nm and emission at 500 nm. The line sequential scanning was selected in dual-
channel observations to eliminate crossover between the two fluorophores.
Time-lapse scanning was performed with Zeiss LSM 510 imaging system
software. Postacquisition image processing was performed with ZEN 2012
software (Carl Zeiss Microscopy).

Accession Numbers

Sequence data in this article can be found in the GenBank/EMBL data li-
braries under the following accession numbers: TaGT43-4 (HM236487),
TaGT47-13 (HM236485), TaGT75-4 (HM236489), TaGLP (CAB55558), TaVER2
(AB012103), and TaGT75-3 (KM670460).

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. NH2-terminal secretion signal peptide of
TaGT47-13 is functional.

Supplemental Figure S2. Immunoblotting using anti-PsRGP1 to detect the
presence of TaGT75-3 and TaGT75-4 in microsomal membranes of trans-
genic Pichia cells.

Supplemental Figure S3. Confocal images of epidermal cells of N. tabacum
leaves transiently expressing TaGT43-4-YFP or SP-YFP-TaGLP.

Supplemental Figure S4. Bimolecular fluorescence complementation
(BiFC, split-YFP) assay of negative control combinations.

Supplemental Figure S5. Confocal images of epidermal cells of N. tabacum
leaves transiently expressing TaGT75-3-YFP, TaGT75-4-YFP, or YFP-
TaGT75-4.

Supplemental Figure S6. Maximum likelihood phylogenetic analysis of
TaGT43-4 and 26 homologous proteins from GT43 family.

Supplemental Table S1. List of primers.
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