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Heteroxylans are abundant components of plant cell walls and provide important raw materials for the food, pharmaceutical, and
biofuel industries. A number of studies in Arabidopsis (Arabidopsis thaliana) have suggested that the IRREGULAR XYLEM9 (IRX9),
IRX10, and IRX14 proteins, as well as their homologs, are involved in xylan synthesis via a Golgi-localized complex termed the
xylan synthase complex (XSC). However, both the biochemical and cell biological research lags the genetic and molecular evidence.
In this study, we characterized garden asparagus (Asparagus officinalis) stem xylan biosynthesis genes (AoIRX9, AoIRX9L, AoIRX10,
AoIRX14A, and AoIRX14B) by heterologous expression in Nicotiana benthamiana. We reconstituted and partially purified an active
XSC and showed that three proteins, AoIRX9, AoIRX10, and AoIRX14A, are necessary for xylan xylosyltranferase activity in planta.
To better understand the XSC structure and its composition, we carried out coimmunoprecipitation and bimolecular fluorescence
complementation analysis to show the molecular interactions between these three IRX proteins. Using a site-directed
mutagenesis approach, we showed that the DxD motifs of AoIRX10 and AoIRX14A are crucial for the catalytic activity.
These data provide, to our knowledge, the first lines of biochemical and cell biological evidence that AoIRX9, AoIRX10, and
AoIRX14A are core components of a Golgi-localized XSC, each with distinct roles for effective heteroxylan biosynthesis.

Heteroxylans are abundant noncellulosic matrix
polysaccharides of plant cell walls. They are the main
component of the primary wall of commelinid monocots
(including grasses) and also the secondary wall of most
woody dicot species (Faik, 2010; Rennie and Scheller,
2014). Heteroxylans have a linear backbone of b-1,4-
linked D-xylopyranosyl residues (Xylp) with backbone
decorations that vary between cell types and tissues,

developmental stages, and species. The dominant deco-
rations are a-1,2- and/or a-1,3-linked L-arabinofuranosyl
residues (Araf) in grass primary walls and a-1,2-linked
(methyl)glucuronopyranosyl residues in woody tissues
(Bastawde, 1992; Ebringerova et al., 2005). In commelinid
monocots, the Araf residues can be further decorated
with a ferulic acid residue that, through dimerization,
can cross-link heteroxylans into the wall (Ishii 1997).
The a-1,2-GlcA residues can be further modified with
a-1,2-linked galactopyranosyl residues (Galp) found in
heteroxylans of Eucalyptus globulus (Shatalov et al., 1999)
and Arabidopsis (Arabidopsis thaliana; Zhong et al., 2014).
Recently, an atypical xylanwas foundwith a 1,2-pentosyl
residue (not determined if it was Ara or Xyl) linked
to the a-1,2-GlcA side chain of the xylan backbone in
the primary wall from Arabidopsis (Chong et al., 2015;
Mortimer et al., 2015). Additionally, the reducing end (RE)
sequence of heteroxylans from dicots and gymnosperms
differs from that of grasses. In the dicots/gymnosperms,
it is a characteristic tetrasaccharide glycosyl sequence,
b-D-Xylp-(1→3)-a-L-Rhap-(1→2)-a-D-GalpA-(1→4)-D-Xylp,
that is absent in the grasses (for review, see Hao and
Mohnen, 2014). Recently, Ratnayake et al. (2014) reported
that the RE glycosyl sequence ofwheat (Triticum aestivum)
endosperm arabinoxylan constitutes a linear (1→4)-b-D-
Xylp backbone that may be monosubstituted either with
an a-L-Araf residue at the RE b-D-Xylp residue and/or the
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penultimate RE b-D-Xyl residue or with an a-D-GlcpA
residue at the RE b-D-Xylp residue. These studies, and
many others, highlight the diversity of heteroxylan struc-
tures and, therefore, the complex nature of heteroxylan
biosynthesis.

Most noncellulosic plant cell wall polysaccharides are
predicted to be synthesized in the Golgi apparatus (GA)
by glycosyltransferase (GT) enzyme complexes (Oikawa
et al., 2013), with the exception of cellulose, callose, and
(1,3;1,4)-b-glucans, which are assembled at the plasma
membrane (Doblin et al., 2010; Wilson et al., 2015). Some
examples of Golgi-located polysaccharide biosynthesis
complexes include GALACTURONOSYLTRANSFERASE1
(GAUT1)/GAUT7 involved in pectin biosynthesis
(Atmodjo et al., 2011), CSLC4/XylT (for xylan xylosyl-
tranferase) involved in xyloglucan biosynthesis (Cocuron
et al., 2007; Chou et al., 2012), and ARAD1/ARAD2 in-
volved in arabinan biosynthesis (Harholt et al., 2012).
Genetic studies in Arabidopsis have identified several
GTs that are predicted to be involved in a xylan backbone
biosynthesis complex, namely Arabidopsis IRREGULAR
XYLEM9 (AtIRX9), AtIRX10, AtIRX14, AtPARVUS, and
AtIRX8, as well as their homologs (Zhong et al., 2005;
Brown et al., 2007, 2009; Lee et al., 2007a, 2007b; Peña
et al., 2007; Wu et al., 2009, 2010; Keppler and Showalter
2010). Among these, AtIRX9 and AtIRX14 (both GT43
family members) and AtIRX10 (GT47), as well as their
functionally redundant homologs, are believed to be in-
volved directly in xylan backbone biosynthesis and to
form a complex in the GA (Rennie and Scheller 2014).
Orthologs of the AtIRX proteins have been identified in
many other species, including wheat (Zeng et al., 2010),
Populus trichocarpa (Lee et al., 2012b), Physcomitrella patens
(Hörnblad et al., 2013), Plantago ovata (Jensen et al., 2013),
rice (Oryza sativa; Chen et al., 2013; Chiniquy et al., 2013),
Gossypium hirsutum (Li et al., 2014),Neolamarckia cadamba
(Zhao et al., 2014), and garden asparagus (Asparagus
officinalis; Song et al., 2015). Enzymes involved in xylan
backbone biosynthesis as well as side chain decorations,
such as the arabinosyltransferases, glucuronosyltrans-
ferases, and acetylation enzymes, were recently reviewed
by Rennie and Scheller (2014) and Hao and Mohnen
(2014).

Several biochemical studies have contributed toward
unraveling the core partners involved in xylan bio-
synthesis, but the issue is complex and the full suite
of proteins has not yet been elucidated (Rennie and
Scheller, 2014). Nevertheless, some progress has been
made. Microsomes extracted from tobacco (Nicotiana
tabacum) BY2 cells coexpressing AtIRX9 and AtIRX14
have been shown to have xylan synthase activity in
vitro (Lee et al., 2012a). Furthermore, two independent
studies have demonstrated using a heterologous ex-
pression approach that AtIRX10L (Urbanowicz et al.,
2014) and IRX10 from P. ovata and P. patens (Jensen
et al., 2014) also have distributive xylan XylT activity.
Interestingly, Ren et al. (2014), using site-directed mu-
tagenesis (SDM) and genetic approaches, showed that
AtIRX9 is not involved directly in catalytic activity,
because mutant variants of potential catalytic domains

of AtIRX9 were still able to complement Arabidopsis
irx9 mutants. Taken together, these observations are
consistent with the hypothesis that AtIRX9, AtIRX10,
and AtIRX14 form a xylan synthase complex (XSC;
Rennie and Scheller, 2014). However, unequivocal
biochemical (or cell biological) proof of the nature
of their interaction(s)/stoichiometry in planta is still
lacking, predominantly because of the low abundance
of these Golgi-localized proteins, which makes the
purification and characterization of the enzyme com-
plexes challenging.

In order to define the biochemical activity of these
Golgi-localized GTs, different heterologous expression
systems are routinely used for functional characteriza-
tion and, therefore, overcome the inherent difficulties
of purifying these low-abundance membrane-bound
proteins. Nicotiana benthamiana is widely used as an ef-
ficient and high-level expression system for functional
characterization of candidate genes (Voinnet et al., 2003).
It has been utilized to examine the biochemical activities
of several plant cell wall polysaccharide biosynthetic GTs,
including xylogalacturonan (pectin) xylosyltransferase
(Jensen et al., 2008), xylan glucuronosyltransferase (Rennie
et al., 2012), b-(1,4)-galactan synthase (Liwanag et al.,
2012), arabinogalactan-protein galactosyltransferase
(Geshi et al., 2013), and (1,3;1,4)-b-glucan CSLF glucan
synthase (Wilson et al., 2015). Other heterologous ex-
pression systems (e.g. either the yeast Pichia pastoris or
mammalian cell lines) also have been used to characterize
the functions of GTs such as xyloglucan xylosyltransfer-
ase (Faik et al., 2002) and pectin homogalacturonan
galacturonosyltransferase (Sterling et al., 2006).

We previously demonstrated a high level of xylan
XylT activity (around 10-fold higher than any other
native in vitro system, including Arabidopsis) in veg-
etative spears of asparagus, a noncommelinid monocot
species, and also identified five putative xylan back-
bone biosynthesis genes (AoIRX9, AoIRX9L, AoIRX10,
AoIRX14A, and AoIRX14B; Song et al., 2015). Further-
more, we also showed that the xylan content, the xylan
XylT activity, and the expression of the backbone bio-
synthesis genes changed along the developmental
gradient of the spear as it transitioned from an elon-
gation zone to a maturation zone (Song et al., 2015).
To characterize the precise biochemical function(s) of
these genes, we now show that three of these proteins
(AoIRX9, AoIRX10, and AoIRX14A) must be heterolo-
gously coexpressed for xylan XylT activity equivalent
to that observed using asparagus microsomal mem-
branes (MMs). We also show that all three proteins are
required for GA retention. Using SDM, we demon-
strated that the DxDmotifs of AoIRX10 and AoIRX14A
are essential for catalytic activity. Bimolecular fluores-
cence complementation (BiFC) analysis indicated that
AoIRX14A interacts directlywithAoIRX9, while AoIRX10
likely interacts indirectlywithAoIRX9 and/or AoIRX14A.
These data provide, to our knowledge, the first lines of
direct evidence thatAoIRX9,AoIRX10, andAoIRX14Aare
part of a core XSC together with potentially unknown
partner(s) in the GA.
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RESULTS

Expression of Asparagus Xylan Biosynthesis Genes in
N. benthamiana

We previously demonstrated that garden asparagus
spears have strikingly high XylT enzyme activity and
identified five predicted xylan biosynthesis genes
(AoIRX9, AoIRX9L, AoIRX10, AoIRX14A, and AoIRX14B;
Song et al., 2015). In this study we sought to test which of
these genes are essential for the observed native activity by
expressing candidates heterologously in N. benthamiana,
since an efficient transformation procedure for asparagus
is not available. The full-length open reading frames of
AoIRX9, AoIRX9L, AoIRX14A, AoIRX14B, and AoIRX10
were cloned into a binary vector under the control of the
strong, constitutively active cauliflower mosaic virus 35S
promoter and expressed either singly or in combinations
in N. benthamiana leaves.
To verify the expression of these asparagus IRX pro-

teins,wedeveloped antibodies againstAoIRX9,AoIRX10,
and AoIRX14A for protein detection and pull-down
assays. Using western-blot analysis, we demonstrated
that the antibodies detect the protein that they were
raised against (Fig. 1). The bands detected by the
AoIRX10- and AoIRX14A-directed antibodies matched
the predicted molecular mass (47.4 and 57.4 kD, respec-
tively). A weak band above 100 kD also was detected
with anti-AoIRX14A, possibly indicating the existence
of the homodimer (Fig. 1). However, other bands also
were visible, suggesting that this antibody is less spe-
cific than that of AoIRX10. Interestingly, a band at ap-
proximately 55 kD was detected with anti-AoIRX9,
which is higher than the predicted molecular mass of
40.8 kD for this protein (Fig. 1), suggesting that there

may be posttranslational modifications occurring. The
AoIRX9 antibody detected a single band in MMs from N.
benthamiana expressing either AoIRX9 or the triple com-
bination ofAoIRX9/10/14A, but no signalwasdetected in
MMs expressing AoIRX9L, AoIRX10, and/or AoIRX14A
(Fig. 1). Similarly, AoIRX10 and separately AoIRX14A
antibodies were only able to detect signal in MMs that
expressed their cognate protein (Fig. 1). The expression
levels of each AoIRX protein are not significantly affected
when coexpressed with other proteins, since the western-
blot signal intensities of singly expressed and coexpressed
AoIRX proteins are similar (Fig. 1).

Xylan Synthase Activity in MMs Prepared from
N. benthamiana Leaves Coexpressing Predicted Xylan
Biosynthesis Genes from Asparagus

As heteroxylans are synthesized in the GA, xylan
XylT activity was assayed using MMs prepared from
N. benthamiana leaves expressing either single or com-
binations of asparagus IRX proteins. Asparagus spear
MMs were used as a positive control for the XylT activ-
ity. As demonstrated previously by Song et al. (2015),
asparagus MMs are capable of incorporating up to six
Xyl residues onto the Xyl5-AA fluorescent acceptor
within 1 h under standard assay conditions, producing
b-1,4-xylooligosaccharides up to a degree of polymeri-
zation of 11 (Fig. 2). MMs prepared from N. benthamiana
leaves infiltrated with a VENUS control contained only
the Xyl5-AA acceptor, indicating that there is no de-
tectable endogenous XylT activity inN. benthamiana leaf
MMs under these assay conditions. Individual expres-
sion of each of the five AoIRXs showed no significant
incorporation of Xyl onto the Xyl5-AA acceptor except

Figure 1. Western-blot analysis of MMs prepared fromN. benthamiana leaves infiltrated with asparagus xylan biosynthesis
gene constructs. MMs (20 mg of protein) fromN. benthamiana leaves infiltrated with either single AoIRX9/10/14 proteins or
the triple combination were extracted and analyzed via western blotting using antibodies against AoIRX9 (A), AoIRX10 (B),
and AoIRX14A (C). The predicted molecular masses for native AoIRX9, AoIRX10, and AoIRX14A are 40.8, 47.4, and
57.4 kD, respectively.
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for AoIRX10 and AoIRX14A, which produced a small
peak of Xyl6-AA (Fig. 2). To quantify the XylT activity,
we used UDP-[14C]Xyl as a donor to monitor Xyl in-
corporation (Fig. 2). Consistent with the RP-HPLC
results, single expression of either AoIRX9 or AoIRX9L
leads to negligible Xyl incorporation. The expression
of AoIRX10, AoIRX14A, or AoIRX14B individually
results in a very low level of incorporation, equivalent
to less than 7% of the XylT activity of native asparagus
MMs.

Previous studies have proposed that AtIRX9, AtIRX10,
and AtIRX14 are part of an active xylan XylT complex in
the GA for xylan backbone biosynthesis during Arabi-
dopsis secondary wall development (Rennie and Scheller,
2014). To test this hypothesis, we coinfiltrated combina-
tions of two or more asparagus IRX genes and assayed
MMs for xylan XylT activity as before. When AoIRX10
was coexpressed with either AoIRX9 or AoIRX14A, two
Xyl additions onto the Xyl5-AA acceptor were detected,
although the activity was approximately 75% lower than
that observed using native asparagus MMs (Fig. 2). In
contrast, coexpression of AoIRX9 and AoIRX14A did
not show additional Xyl incorporation compared with
AoIRX14A alone (Fig. 2). However, when all three genes
(AoIRX9,AoIRX10, andAoIRX14A) were coexpressed, the
MMs incorporated up to six additional Xyl residues onto
the Xyl5-AA acceptor, with a similar degree of polymeri-
zation profile and activity level (approximately 97%) to the
native asparagusMMs in assays with the same amount of
total protein (Fig. 2). This indicates that there is cooperative
xylan XylT activity when AoIRX9, AoIRX10, and
AoIRX14A are coexpressed and that they likely form an
XSC. Interestingly, combinations including AoIRX9/10/
14B, AoIRX9L/10/14A, and AoIRX9L/10/14B showed
lower activities comparedwith theAoIRX9/10/14A triple
combination, suggesting that AoIRX9L and AoIRX14B
are less active compared with AoIRX9 and AoIRX14A,
respectively.

Given the increase in xylan XylT activity with coinfil-
tration of all three asparagus IRX9, IRX10, and IRX14A,
we tested if the additional expression of AoIRX9L and
AoIRX14B with the triple combination could further
boost xylan XylT activity. Interestingly, coexpression of
all five genes led to Xyl incorporation up to degree of
polymerization 9 and an approximately 24% reduction
of xylan XylT activity compared with AoIRX9/10/14A
coexpression (Fig. 2). This suggests that AoIRX9 and
AoIRX9L, and separately AoIRX14A and AoIRX14B,
may be competingwith each other in the XSC.MMs from
N. benthamiana coexpressingAoIRX9/10/14AandVENUS
had a similar XylT activity compared with the AoIRX9/
10/14A triple combination, providing further evidence
that AoIRX9L and AoIRX14B are competing with AoIRX9

Figure 2. Xylan XylT activity of MMs from N. benthamiana leaves
expressing combinations of IRX9, IRX10, and IRX14 genes from asparagus.
Asparagus xylan synthase proteins (AoIRX9, AoIRX9L, AoIRX10, AoIRX14A,
and AoIRX14B) were expressed in N. benthamiana leaves alone and/or in
various combinations, and the MMs were isolated and assayed for xylan
XylT activity. N. benthamiana leaves expressing VENUS and native aspara-
gus MMs were used as negative and positive controls, respectively. A, XylT
products were fractionated by reverse-phase (RP)-HPLC and detectedwith a

fluorescence detector. Xylooligosaccharides labeled with AA (Xyl1–6-AA)
were used as standards. The numbers on the plots indicate the degree of
polymerization of xylooligosaccharides. B, Xylan XylTwas measured using
UDP-[14C]Xyl as the donor and Xyl5-AA as the acceptor. Values represent
means6 SE of three biological replicates.
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and AoIRX14A, respectively, rather than acting as a dilu-
tion factor.

From these data,we concluded thatAoIRX9,AoIRX10,
and AoIRX14A in combination are part of a core XSC in
the N. benthamiana heterologous expression system.

The DxD Motif of AoIRX10 and AoIRX14A Is Important
for Catalytic Activity

Most GTs with a GT-A fold have a conserved DxD
motif (where x stands for any amino acid except for
Pro and x is optional) shown to be the nucleotide sugar
(donor) binding site through the coordination of a
divalent cation and, hence, essential for catalytic ac-
tivity (Breton et al., 2006). To test if this motif is critical
for catalytic activity in our proteins of interest, we
used an SDM approach to alter the predicted DxD
motif by substituting the conserved Asp residues (D)
in the IRX sequences with Asn (N) residues. Interest-
ingly, a DxDmotif could not be identified in AoIRX9, a
GT43 family protein predicted to have a GT-A fold,
although alignments with IRX9 and IRX9L proteins
from other species identified a single, highly con-
served Asp residue (Asp-298 in AoIRX9 and Asp-364
in AoIRX9L) and a DDDmotif in AoIRX9L (DDD287–
289; Supplemental Fig. S1). To test if these conserved
residues were part of a catalytic binding site, we tar-
geted these residues for SDM (D298N for AoIRX9 and
D287N/D289N for AoIRX9L). Coexpression of either
AoIRX9 (D298N) or AoIRX9L (D287N/D289N) with
AoIRX10 and AoIRX14A (Fig. 3) did not significantly
alter XylT activity compared with the triple expres-
sion of either wild-type AoIRX9 or AoIRX9L with
AoIRX10 and AoIRX14A (compare Figs. 2 and 3). This
indicated that the conserved Asp residue of AoIRX9
was not critical for xylan synthesis, and neither was
the conserved DxD motif of AoIRX9L.

Interspecies sequence alignments of IRX14 proteins
have revealed that the DxD motif at amino acid
residues 276 to 277 in AoIRX14A and 247 to 248 in
AoIRX14B are highly conserved (Supplemental Fig. S2).
Xylan XylT activity assays of N. benthamiana leaves ex-
pressing eitherAoIRX14A (D276N/D277N) orAoIRX14B
(D247N/D278N) with AoIRX9 and AoIRX10 showed
that there was a noticeable impact on xylan XylT activity
compared with their wild-type controls (Fig. 3). This
suggests that residues 276 to 277 inAoIRX14A and 247 to
248 in AoIRX14B are likely to be catalytically important
for xylan XylT activity.

Although GT47 enzymes are predicted to have a GT-
B-type fold and to be metal ion independent, AoIRX10
was found to have a highly conserved DxD motif
near the C terminus at amino acid residues 310 to
311 (Supplemental Fig. S3). Coexpression of AoIRX10
(D310N/D311N) with AoIRX9 and AoIRX14A also led
to a significant loss of xylan XylT (Fig. 3), suggesting
that this motif is essential for xylan XylT activity.

MMs from N. benthamiana leaf coexpressing AoIRX9/
10/14A were solubilized with 1% (w/v) n-dodecyl b-D-
maltoside (DDM), separated on a native protein gel,

Figure 3. Xylan XylT activity of MMs from N. benthamiana leaves
coexpressing combinations of wild-type and mutant versions of AoIRX
genes from asparagus. Combinations of three wild-type (AoIRX9 or
AoIRX9L, AoIRX10, and AoIRX14A or AoIRX14B) and mutated (desig-
nated with M) genes were coexpressed in N. benthamiana leaves, and
the MMs were extracted for xylan XylT activity analysis. N. benthamiana
leaves (co)expressing VENUS and AoIRX9/10/14A were used as negative
and positive controls, respectively. A, Xylan XylT products were
fractionated by RP-HPLC and detected with a fluorescence detector.
The numbers on the plots indicate the degree of polymerization of
xylooligosaccharides. B, Xylan XylTwas measured using UDP-[14C]Xyl
as the donor and Xyl5-AA as the acceptor. Values represent means6 SE

of three biological replicates.
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and then immunoblotted with AoIRX9, AoIRX10, and
AoIRX14Aantibodies. Intriguingly, theAoIRX9,AoIRX10,
and AoIRX14A antibodies all recognized bands at similar
positions just below the 242- and 480-kD markers (Fig. 4),
suggesting that these three proteins interact to form het-
erotrimeric complexes. Interestingly, no monomers of the
individual AoIRXs were detected.

To further examine the XSC, detergent (DDM)-solubilized
MMs fromN. benthamiana coexpressingAoIRX9/10/14A
were coimmunoprecipitated with the AoIRX9 antibody.
Tryptic peptides originating from all three AoIRX proteins
could be identified via proteomic analysis (Supplemental
Fig. S4), further indicating that AoIRX9, AoIRX10, and

AoIRX14A interact either directly or indirectly and form a
multiprotein complex.

AoIRX9, AoIRX10, and AoIRX14A Are Detected in a
Protein Complex Coimmunoprecipitated with a GFP-
Trap Approach

In an attempt to partially purify the XSC in the
heterologous expression system, we used the fluores-
cent translational fusion constructs (VENUS) of eachof the
three AoIRX proteins (AoIRX9, AoIRX10, andAoIRX14A)
and coexpressed them in N. benthamiana leaves. Western-
blot analysis demonstrated that each of the translational
fusions was of the expected size and that the VENUS-
conjugated AoIRX9, AoIRX10, and AoIRX14A proteins
were expressed at similar levels (Supplemental Fig. S5).
We subsequently enriched for the XSC using a GFP-Trap
approach. Xylan XylT activity assays using the enriched
products showed a similar product profile to that of
asparagus MMs (Fig. 5). The GFP-Trap-enriched XSC
fraction was analyzed by tandem mass spectrometry,
and 32 proteins with more than two peptides were iden-
tified (Supplemental Table S1). AoIRX9, AoIRX10, and
AoIRX14A as well as VENUS were the top four matches
according to the exponentially modified protein abun-
dance index (Ishihama et al., 2005), withmultiple peptides
(eight, seven, six, and six peptides, respectively) assigned,
indicating that a successful enrichment was achievedwith

Figure 4. Western blot of a native gel containing solubilized MMs of
N. benthamiana leaves coexpressing AoIRX9, AoIRX10, and AoIRX14A.
MMs extracted from N. benthamiana leaves coexpressing AoIRX9,
AoIRX10, and AoIRX14A were solubilized using 1% (w/v) DDM, sepa-
rated on a single native gel in three adjacent lanes, and then transferred to
a single membrane that was marked for subsequent realignment. The
membrane of each lane was then cut and probed with different anti-
bodies against AoIRX9 (left), AoIRX10 (middle), and AoIRX14A (right).
The membrane was realigned and subsequently imaged. No monomer
bands of AoIRX9, AoIRX10, and AoIRX14A were detected; however,
there were some bands detected for AoIRX9 and AoIRX14A between
146 and 242 kD, suggesting the presence of lower oligomers of the
protein complex.

Figure 5. Xylan XylT activity of the GFP-Trap-purified proteins from
MMs of N. benthamiana leaves coexpressing asparagus IRX9-VENUS,
IRX10-VENUS, and IRX14A-VENUS. The activity of untransformed,
unpurified native asparagus microsomal membranes (top) was used as a
positive control. Three asparagus xylan XylTs (AoIRX9, AoIRX10, and
AoIRX14A) fused at the C terminus to VENUS were coexpressed in
N. benthamiana leaves, the MMs were extracted and detergent solu-
bilized, and the resulting proteins were enriched by coimmunopreci-
pitation with a GFP-Trap (bottom). Xylan XylT products were analyzed
by RP-HPLC. Numbers above the peaks designate the degree of po-
lymerization of xylooligosaccharides. Xyl5-AA was the acceptor.

98 Plant Physiol. Vol. 171, 2016

Zeng et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1


the GFP-Trap procedure. Twenty-eight N. benthamiana
proteins also were identified in the same fraction
(Supplemental Table S1); however, nootherGTsorproteins
previously implicated in xylan biosynthesis were found.

Targeting to the GA Requires Coexpression of AoIRX9,
AoIRX10, and AoIRX14A

Biochemical enzyme assays and antixylan epitope
labeling of subcellular compartments indicate that xy-
lan biosynthesis occurs in the GA (Porchia et al., 2002;
Rennie and Scheller, 2014). The xylan XylT activity

assay on MMs expressing these reporter constructs
confirmed that the VENUS tag of the AoIRX proteins
does not interfere significantly with xylan XylT activity
(Fig. 5). To confirm that the subcellular location of the
AoIRX9, AoIRX10, and AoIRX14A proteins is in the
GA, we tested C-terminal AoIRX translational fusion
constructs with VENUS in N. benthamiana (Figs. 6–8).

Whenviewedon the confocalmicroscope,N. benthamiana
leaves infiltrated with AoIRX9-VENUS showed a
reticulate-like pattern that overlapped that of the ER
marker AtWAK2-CFP-HDEL to a greater extent than
the GmMAN1(1-49)-RFP Golgi marker (Fig. 6). When

Figure 6. Subcellular location of asparagus IRX9-VENUS in N. benthamiana leaves expressed with or without asparagus IRX10/
IRX14A. Fluorescence images show IRX9-VENUS (yellow) expressed in N. benthamiana leaves alone (A), with IRX10 (F), with
IRX14A (K), or with both IRX10 and IRX14A (P). B, G, L, and Q show coexpression of the endoplasmic reticulum (ER) marker SP-
AtWAK2-CFP-HDEL (cyan), while C, H, M, and R show coexpression of the GA marker GmMan1(1-49)-RFP (magenta). D, I, N,
and S show the merged images, and E, J, O, and T show the merged images overlaid with the transmitted light images. IRX9-
VENUS signal is detected in a reticulate pattern that largely overlaps that of the ER marker when it is expressed alone or in
combination with IRX10 (compare A and F with B and G, respectively). When IRX9 is coexpressed with IRX14A, some punctate
structures are observed that overlap that of the GAmarker (arrowheads; compare K andM; composite image N). Strikingly, when
AoIRX9-VENUS was coexpressed with AoIRX10 and AoIRX14A, its signal was not observed in a reticulate pattern reminiscent of
ER labeling (compare P and Q) but rather appeared as discrete punctate bodies that overlapped that of the Golgi marker
(arrowheads; compare P and R; composite image S). Overlapping signal is artificially colored white.
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AoIRX9-VENUSwas coexpressedwithunlabeledAoIRX10,
a similar ER-predominant localization pattern was ob-
served (Fig. 6), while coexpression of AoIRX9-VENUS
and unlabeled AoIRX14A showed labeling that over-
lapped with the ERmarker and also somewhat with the
Golgi marker. Strikingly, coexpression of AoIRX9-VENUS
with unlabeled AoIRX10 and AoIRX14A resulted in a
subcellular location that coincides almost exclusively
with the Golgi marker (Fig. 6).

Analysis of the reciprocal combinations of AoIRX10-
VENUS and AoIRX14A-VENUS translational fusions
gave similar results (Figs. 7 and 8). Expression of
AoIRX10-VENUS alone generated an expression pat-
tern that predominantly overlapped with that of the ER
marker (Fig. 7). Coexpression of AoIRX10-VENUSwith
either of the untagged partner proteins, AoIRX9 or
AoIRX14A, led to an ER-like localization with partial

overlap with the Golgi marker (Fig. 7). Expression of
AoIRX10-VENUS with both untagged AoIRX9 and
AoIRX14A resulted in fluorescence predominantly in
punctate bodies that colocalized with the Golgi marker,
although some reticulate ER patterns still could be ob-
served (Fig. 7). Golgi targeting of AoIRX14A-VENUS
was enhanced by the coexpression of all three proteins
(Fig. 8).

AoIRX9, AoIRX10, and AoIRX14A Form a Xylan
Biosynthesis Complex

To further dissect the interactions between AoIRX9,
AoIRX10, and AoIRX14A, a BiFC approach was adopted
(Kerppola, 2006). Since all three proteins are required
for colocation to the GA, all tests were conducted in
the presence of their unlabeled partners. Infiltration

Figure 7. Fluorescent localization of asparagus IRX10-VENUS proteins expressed inN. benthamiana leaveswith orwithout IRX9/
IRX14A. Fluorescence images show IRX10-VENUS (yellow) expressed in N. benthamiana leaves alone (A), with IRX9 (F), with
IRX14A (K), or with both IRX9 and IRX14A (P). B, G, L, and Q show the ER marker SP-AtWAK2-CFP-HDEL (cyan). C, H, M, and R
show the Golgi marker GmMan1(1-49)-RFP (magenta). D, I, N, and S show the merged images, and E, J, O, and T show the
merged images overlaid with the transmitted light images. Golgi localization of IRX10-VENUS is markedwith white arrowheads.
Overlapping signal is artificially colored white.
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combinations and the results of this experiment are sum-
marized in Supplemental Table S2.
BiFC requires many controls to demonstrate that the

signal detected in this assay reflects specific protein-
protein interactions. As a positive control, we first estab-
lished that MUR3 (GenBank accession no. AB844168.1)
is able to form a homodimer, as described previously
(Wilson et al., 2015), by coexpressing MUR3-VN and
MUR3-VC (Supplemental Fig. S6). MUR3 is known to be
involved in xyloglucan biosynthesis (Madson et al., 2003)
and is not predicted to interact with proteins involved in
xylan biosynthesis. A fluorescent signal was detected in
the GA (Supplemental Fig. S6), confirming that the sys-
tem was working appropriately. Fluorescence was also
detected when AoIRX9-VN and AoIRX9-VC, AoIRX10-
VN andAoIRX10-VC, or AoIRX14A-VN andAoIRX14A-
VC (Fig. 9) were coexpressed in the presence of the two

other untagged partner proteins, indicating that all three
proteins are able to form homodimers. The fluorescence
detected in these three tests was considered to signify a
specific protein-protein interaction, as the negative con-
trols consisting of combinations of either AoIRX-VN or
AoIRX-VC with either MUR3-VC or MUR3-VN, respec-
tively, had no detectable signal under the same conditions
(Supplemental Figs. S6–S8). The ER marker MANI(49)-
RFP was used as an internal control for all BiFC experi-
ments and confirmed that the lack offluorescence observed
in these negative controls was not due to experimental
conditions disrupting efficient transformation.

Since ourprevious results suggest thatAoIRX9,AoIRX10,
and AoIRX14A form a multiprotein XSC, we used a
multicolor bimolecular fluorescence complementation
(mcBiFC) approach (Lee et al., 2008) to test whether
heterodimerization could occur between the AoIRX

Figure 8. Fluorescent localization of asparagus IRX14A-VENUS proteins expressed in N. benthamiana leaves with or without
IRX9/IRX10. Fluorescence images show IRX14-VENUS (yellow) expressed in N. benthamiana leaves alone (A), with IRX10 (F),
with IRX9 (K), or with both IRX10 and IRX9 (P). B, G, L, andQ show the ERmarker SP-AtWAK2-CFP-HDEL (cyan). C, H,M, and R
show the Golgi marker GmMan1(1-49)-RFP (magenta). D, I, N, and S show the merged images, and E, J, O, and T show the
merged images overlaid with the transmitted light images. Golgi localization of IRX14-VENUS is marked with white arrowheads.
Overlapping signal is artificially colored white.

Plant Physiol. Vol. 171, 2016 101

Asparagus Xylan Synthase Complex

http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01919/DC1


proteins in planta. mcBiFC experiments enable the
comparison of the subcellular distributions of protein
complexes formed with different interaction partners
and the analysis of competition between mutually
exclusive interaction partners for binding a shared
partner present at limiting concentration. The results
from this experiment are summarized in Figure 10 and
Supplemental Table S2. Twelve independent tests in-
dicate that AoIRX9 and AoIRX14A are able to interact
with each other but not with AoIRX10 in planta (Fig.
10). This suggests that an additional unknown protein
is part of the XSC,which bridges AoIRX10withAoIRX9
and/or AoIRX14A. Expanded figures showing indi-
vidual channels for each experiment are provided in
Supplemental Figures S9 to S14. No fluorescence was
detected in any channel on the negative control com-
binations including either MUR3-VN or MUR3-VC.

The XSC Is Located in the Lumen of the GA

In order for mcBiFC to be informative, the split
fluorescent halves must be located in the same com-
partment. One possible explanation for the lack of
detectable signal in combinations including AoIRX10-
VN and AoIRX10-VC is that the C termini of all three
proteins are not located in the GA lumen, as predicted.
Therefore, to validate the topology for these proteins,
we used the previously described Golgi protein mem-
brane topology (GO-PROMTO) assay (Søgaard et al.,
2012) and transiently expressed combinations of con-
structs with either cytosolic (VN/VC-TMD) or lumenal
(TMD-VN/VC) fluorescent GO-PROMTO reporters in

N. benthamiana leaves. For all three genes, each of the
four possible pairs of constructs was tested, and the re-
sults are shown in Figure 11. Fluorescence complemen-
tation was never observed using the cytosolic reporters,
but signal was detected consistently upon coexpression
with the GA lumenal reporter, indicating that the C ter-
minus of all three proteins is located in the Golgi lumen.
These data confirm that the XSC is located in Golgi
membranes with the catalytic site facing the lumen.

DISCUSSION

AoIRX9, AoIRX10, and AoIRX10A Must Be in a Complex
to Form an Active XSC in Planta for Both Optimal Activity
and Appropriate Subcellular Targeting

Many plant cell wall polysaccharides are synthesized
by an enzyme complex located at either the GA or the
plasma membrane (Oikawa et al., 2013). Previous
studies have indicated that this is indeed likely to be the
case for xylan biosynthesis, with key proteins predicted
to be involved in a core XSC (IRX9, IRX10, and/or
IRX14; Zeng et al., 2010; Ren et al., 2014; Rennie and
Scheller 2014; Jiang et al., 2016). Here, we show that
asparagus AoIRX9, AoIRX10, and AoIRX14A are all
required to form an active XSC, as only coexpression of
all three proteins led to xylan XylT activity at levels
similar to that observed using native endogenous as-
paragus MMs (Fig. 2). At first glance, this observation
may appear contradictory with previously published
results from other groups. For instance, Lee et al. (2012a)
found that MMs from tobacco BY2 suspension-cultured

Figure 9. IRX9, IRX10, and IRX14A can homodi-
merize in planta. BiFC was used to test if IRX9, IRX10,
and IRX14A can homodimerize in planta. The N- and
C-terminal halves of VENUS fused to IRX9 (A), IRX10 (D),
and IRX14A (G) were coexpressed in N. benthamiana
leaves in the presence of the two other untagged IRX
proteins. Fluorescent signal indicates an interaction be-
tween the two tagged proteins. A strong punctate signal
was observed in all three cases, indicating that IRX9,
IRX10, and IRX14A are able to homodimerize. When
either IRX9/10/14A-VN (B, E, and H, respectively) or
IRX9/10/14A-VC (C, F, and I, respectively) were inde-
pendently expressed with a noninteracting partner
(MUR3-VC/VN; negative controls), no signal was de-
tectable, as expected. Expanded results and positive
and negative controls are shown in Supplemental
Figures S6 to S8.
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cells coexpressing AtIRX9 and AtIRX14 have active XylT
activity. We have shown that the coexpression of AoIRX9
and AoIRX14 in N. benthamiana leaves also resulted in
XylT activity. However, the levels of activity were sig-
nificantly lower than when all three proteins were pre-
sent. Indeed, it is possible that the expression of AtIRX9
and AtIRX14 in BY2 cells may recruit the endogenous
IRX10 to form an XSC. This is supported by our data
showing that AoIRX9 appears to drive XSC assembly
to/in Golgi membranes (Figs. 6–8), and it is the relo-
cation from the ER to the GA of all three proteins that
causes the increase in XylT activity (Fig. 2). Our obser-
vations also are consistent with recent findings by Jiang
et al. (2016), who showed that wheat TaGT43 plays a
critical role in initiating XSC assembly in the ER prior to
the transport of the XSC to the GA. Heterologous ex-
pression studies have shown that IRX10 proteins from
multiple species have distributive xylan XylT activity
(Jensen et al., 2014; Urbanowicz et al., 2014), while our
observation is that AoIRX10 heterologous expression
alone in N. benthamiana leaves was only capable of add-
ing a single Xyl residue to the Xyl5-AA acceptor (Fig. 2).
This may be due to IRX10 functional variations between

plant species and/or differences in the heterologous ex-
pression systems (for review, see Hao andMohnen, 2014).
Similarly, expression of AoIRX14A also was capable of
adding a single Xyl residue to theXyl5-AAacceptor. Given
thatN. benthamiana likely has the genes required for xylan
XylT activity, it may well be that expression of either
AoIRX10 orAoIRX14A inN. benthamiana activates a latent
activity in their MMs, rather than the heterologously
expressed proteins necessarily having xylan XylT activity.

Heterologous expression of one and/or two of the
asparagus IRX9/10/14 proteins was able to produce
some XylT activity inN. benthamianaMMs. However, the
coexpression of all three proteins, AoIRX9, AoIRX10, and
AoIRX14A, was sufficient to replicate native asparagus
activity. Furthermore, for appropriate subcellular locali-
zation of these asparagus proteins to the GA, all three
must be coexpressed, supporting the hypothesis that
these proteins form a functional XSC core.

Interactions between IRX Proteins in Different Species

Since the structure of heteroxylans varies between
different species and tissue types, it is conceivable that

Figure 10. Using mcBiFC to elucidate protein-protein interactions in the XSC. mcBiFC was used to test if IRX9, IRX10, and
IRX14A can heterodimerize in planta by expressing split VENUS and split CFP constructs inN. benthamiana. The C-terminal half
of either VENUS (VC) or CFP (CC) is fused to a protein of interest and expressed in the presence of two other proteins carrying
either the N-terminal half of VENUS (VN) or CFP (CN). The fluorescence color is determined predominantly by the N-terminal
half of the reconstituted protein. Signal in either the yellow or blue spectrum indicates an interaction between the respective
proteins. A to D, First, we testedwhich proteins can interact with IRX9 by using it as a bait by fusing IRX9 to either VC (A and B) or
CC (C and D) and expressing it in the presence of IRX10 and IRX14A. A signal was observed in all four tests, indicating an in-
teraction between IRX9 and IRX14A only. No interaction was detected between IRX9 and IRX10. E to H, We then tested which
proteins can interact with IRX10 by using it as a bait by fusing IRX10 to either VC (E and F) or CC (G andH) and expressing it in the
presence of IRX9 and IRX14A. No signalwas detected between anyof the proteins, indicating that IRX10 does not interact directly
with either IRX9 or IRX14A. I to L, Finally, we tested which proteins can interact with IRX14A by using it as a bait and fusing
IRX14A to either VC (I and J) or CC (K and L) and expressing it in the presence of IRX9 and IRX10. A signal was observed in all four
combinations, indicating an interaction between IRX14A and IRX9 only. No interaction was detected between IRX14 and IRX10.
Twelve independent tests indicate that IRX9 and IRX14A are able to form heterodimers with each other but not with IRX10.
Expanded results and negative controls are shown in Supplemental Figures S9 to S14.
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the biosynthetic machinery, both the composition and
function of individual proteins in the XSC, for each type
of heteroxylan/species may be different. For example,
P. ovata mucilage is rich in heteroxylan, but the ex-
pression level of GT43 genes (PoIRX9 and PoIRX14) in
mucilage-secreting cells is very low (Jensen et al., 2013),
suggesting that the multiple PoIRX10 genes (GT47)
identified in this system play a predominant role.
Similarly, Zeng et al. (2010) identified TaIRX10 and
TaIRX14 proteins in a wheat glucuronoarabinoxylan
synthase complex isolated from etiolated seedlings but
not TaIRX9. These studies suggested that the compo-
nents of the XSC have diversified in different species
and/or tissue types through evolution. The regulation
of stem secondary wall biosynthesis is an elegant and
complex process (Zhong and Ye, 2015) that involves a

number of players, including upstream transcription
factors. AtIRX9 may play an important regulatory role
in xylan biosynthesis in stem secondary wall formation.

Different laboratory-based experimental techniques
have been utilized to study protein-protein interactions,
including yeast two-hybrid approaches (Jones et al.,
2014), the reversible Renilla luciferase protein comple-
mentation assay (Stefan et al., 2007), BiFC (Bracha-Drori
et al., 2004; Wilson et al., 2015; Jiang et al., 2016), and
affinity purification followed by mass spectrometry-
based proteomics (Van Leene et al., 2008). A compari-
son of the pros and cons of each strategy can be found
in a review by Zhang et al. (2010). Lund et al. (2015)
studied the protein-protein interactions of Arabidopsis
IRX9, IRX9L, IRX10, IRX10L, IRX14, and IRX14L via
Renilla luciferase protein complementation assay and

Figure 11. GO-PROMTO analysis of AoIRX9, AoIRX10, and AoIRX14 in N. benthamiana leaves 3 d postinfiltration. Coex-
pression of either cytosolic (VN/VC-TMD; A) or lumenal (TMD-VN/VC; B) fluorescentGO-PROMTO reporters inN. benthamiana
leaves yielded strong fluorescent signals. C-terminal VN or VC fusions of AoIRX9 (C–F), AoIRX10 (G–J), and AoIRX14 (K–N) were
coexpressedwith the cytosolic reporters VN-TMD (C, G, and K) or VC-TMD (D, H, and L) or the lumenal reporters TMD-VN (E, I,
and M) or TMD-VC (F, J, and N), respectively. Only combinations including either of the luminal reporters had detectable flu-
orescent signal, indicating that the C terminus of these proteins is located in the lumen of the GA.
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showed that all the interactions between each protein
pair (homodimer or heterodimer) were negative. One
explanation for their observations is that the interac-
tions between these proteins is weak (Ren et al., 2014)
and, therefore, could not be detected via this assay
method. Another equally plausible explanation in light
of our observations is that all three proteins need to be
coexpressed simultaneously to form an active complex
in the GA. When the asparagus IRX proteins were
expressed either alone or in pairs, they were not effec-
tively targeted to the GA. It is possible that other non-
GT proteins, such as AtIRX15 (Brown et al., 2011; Jensen
et al., 2011), are part of the XSC, although our prelimi-
nary proteomic analysis did not identify any obvious
candidates.

Asparagus IRX9, IRX10, and IRX14A Have Distinct Roles
in the XSC

Plant polysaccharide synthase complexes often con-
tain multiple GTs with distinct physiological functions.
One example is the pectin homogalacturonan synthase
complex, containing two GAUT1 catalytic proteins and
one GAUT7 protein that acts as a membrane anchor
protein (Atmodjo et al., 2011). The exact stoichiome-
try of the structure of the XSC and the precise roles
that each of the different GTs play within the complex
are still unknown. AoIRX9 does not have a conserved
DxD motif (Supplemental Fig. S1), which is thought to
be involved in the binding of UDP-sugar substrates
(Chang et al., 2011). This suggests that AoIRX9 is not
catalytically active in the asparagus XSC. SDM of a
conserved aspartic residue (D) in AoIRX9 and a DxD
motif in AoIRX9L did not significantly affect XylT ac-
tivity of the XSC when coexpressed with AoIRX10 and
AoIRX14A (Fig. 3), indicating that neither of these Asp
residue motifs is catalytically important. However,
AoIRX10 and AoIRX14 coexpressed without AoIRX9
results in a significant diminution of activity, showing
that AoIRX9 is essential for maximal XSC activity by
playing a structural, rather than a catalytic, role in the

complex. Interestingly, proteomic analysis identified
that the Asn-177 residue of AoIRX9 is N-glycosylated
(Ford et al., 2015), although this site is conserved in
P. patens, P. trichocarpa, and ryegrass (Lolium perenne)
but not in Arabidopsis or rice (Supplemental Fig. S1).
The physiological role of this posttranslational modifi-
cation on AoIRX9 is being investigated.

In contrast, the SDM of AoIRX14A, AoIRX14B, and
AoIRX10 significantly affected the xylan XylT activity
(Fig. 3), suggesting that both AoIRX10 and AoIRX14
are catalytically important for the asparagus XSC. This
raises the question of whether AoIRX10 and AoIRX14A
play slightly different roleswithin the complex.AoIRX14A
is a GT43 family protein, members of which are pre-
dicted to have a GT-A fold, while AoIRX10 belongs
to the GT47 family, classified as having a GT-B fold
(Lairson et al., 2008). GT-B fold enzymes are metal ion
independent, and indeed, AtIRX10 does not require
metal ions for its xylan XylT synthase catalytic activity
(Urbanowicz et al., 2014). It is possible that the DxD
motif is important for protein dimerization and/or
protein folding (Wiggins and Munro, 1998). Thus,
the exact role of the AoIRX10 DxD motif in the XSC
remains elusive.

Ren et al. (2014) found that SDM of the AtIRX14 DxD
motif results in a nonfunctional GT and speculated that
Arabidopsis IRX14 functions in binding UDP-Xyl and
transferring the donor to another unknown protein in-
stead of binding it directly for Xyl incorporation. IRX10
appears to be the most active of the three XSC candi-
dates, as it has been shown to have xylan XylT activity
when expressed in nonplant heterologous systems
(Jensen et al., 2014; Urbanowicz et al., 2014). When
AoIRX10 was expressed alone inN. benthamiana leaves,
a single Xyl residue was incorporated onto the acceptor
(Fig. 2), similar to the activity of Arabidopsis IRX10
expressed in P. pastoris (Jensen et al., 2014). Expression
of AoIRX14 alone did not give as high XylT activity as
AoIRX10 (Fig. 2). Combining the xylan XylT activity
and XSC subcellular localization data, we propose that
AoIRX9 may act as a structural protein anchoring the

Figure 12. Proposed model for the core as-
paragus XSC in the GA. The asparagus XSC
contains homodimers of IRX9, IRX10, and
IRX14A with potential interaction partner(s).
AoIRX9 and AoIRX14 form heterodimers that
are anchored to the GA membrane, with their
C termini facing the Golgi lumen. AoIRX10 is
located in the Golgi lumen and lacks a trans-
membrane domain. The shapes with question
marks indicate other interacting proteins that
may act to bridge IRX10 to IRX9 and IRX14A.
We postulate that perhaps IRX14 performs the
initial priming reaction, thereby facilitating
subsequent xylan XylTactivity by IRX10within
the Golgi lumen.
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complex to theGolgimembrane to initiate the recruitment
of the other XSC members. AoIRX10 does not have a
predicted transmembrane domain (Supplemental Fig. S3)
but has been localized within the Golgi lumen (Søgaard
et al., 2012) and, therefore, would have to be affiliated
with the XSC as a peripheral protein. We have shown
through BiFC that AoIRX9, AoIRX10, and AoIRX14A all
homodimerize (Fig. 9) and that AoIRX9 interacts directly
with AoIRX14A but not AoIRX10 (Fig. 10). We postulate
that AoIRX9 recruits AoIRX14A, which in turn recruits
another yet to be identified protein that bridges AoIRX10
to AoIRX9 and AoIRX14. We suggest that AoIRX14
performs the initial priming reaction, thereby facili-
tating subsequent xylan XylT activity by AoIRX10. Our
proposed model of the core XSC is shown schematically
in Figure 12. In spite of numerous in vitro studies dem-
onstrating xylan XylT activity in the absence of a primer,
models of xylan backbone initiation and extension in planta
must accommodate thepresence of aunique tetrasaccharide
RE sequence in dicot/gymnosperm heteroxylans (York
and O’Neill, 2008; Hao and Mohnen, 2014). Thus, how
this rudimentary XSC model (Fig. 12) synthesizes the
xylooligosaccharide structures primed from the Xyl5-AA
acceptor in our in vitroMMassays relates to the in planta
assembly mechanism using a potential RE primer se-
quence remains to be determined.

Asparagus spears provide an ideal system for heter-
oxylan biosynthesis, where significant quantities of
both primary and secondary wall heteroxylan exist in
the top and bottom portions of the spear, respectively
(Song et al., 2015). AoIRX9L is highly expressed in
the top of the asparagus spear, where the expression of
AoIRX9 is very low (Song et al., 2015). Many questions
still remain, including how plants delicately regulate
the transition from primary wall to secondary wall bi-
osynthesis. Mortimer et al. (2015) proposed that the
Arabidopsis primary wall xylan biosynthetic machin-
ery likely consists of AtGUX3, AtIRX9L, AtIRX10L,
andAtIRX14. It is possible that two distinct sets of XSCs
are responsible for primary and secondary wall xylan
biosynthesis, as proposed previously by Ratke et al.
(2015). This would be similar to the cellulose synthases
(CESAs) for primary wall (CESA1, CESA3, and CESA6)
and secondary wall (CESA4, CESA7, and CESA8) in
Arabidopsis (Carroll et al., 2012). Purification of the
XSC from native systems such as asparagus with high
xylan XylT activity and subsequent proteomics analysis
to help identify the complete XSC protein complement
is one of a number of approaches that will lead to a
better understanding of the heteroxylan biosynthesis
mechanism(s).

MATERIALS AND METHODS

Plant Materials

Nicotiana benthamiana plants were grown in soil in a glasshouse with con-
tinuous cool-white fluorescent light and natural daylight at 20°C to 26°C as
described previously (Wilson et al., 2015). Asparagus (Asparagus officinalis)
spears were generously provided by Vizzarri Farm in Victoria, Australia, and
processed within 2 h of harvest as described previously (Song et al., 2015).

Molecular Biology

RNA was isolated from emerging asparagus spears, and first-strand com-
plementary DNA synthesis was carried out using the Tetro cDNA Synthesis Kit
(Bioline) with 1 mg of total RNA following the manufacturer’s instructions. The
sequences of primers used in this study are shown in Supplemental Table S3. To
generate C-terminal fluorescently labeled fusions of AoIRX9, AoIRX10, and
AoIRX14A, primers (pFUERTE)UFP_Fwd and UFP_Rev were used to PCR
amplify VENUS, while primers (pFUERTE)AoIRX_Fwd and Rev were used to
amplify the respective asparagus IRX coding sequences. Phusion High-Fidelity
Master Mix (New England Biolabs) was used for amplification. PCR products
were cloned using the Gibson assemblymethod (New England Biolabs) into the
binary vector pFUERTE, which contains the cauliflower mosaic virus 35S
promoter, a multiple cloning site (MCS), and the 39 octopine synthase gene
terminator sequence (Wilson et al., 2015). SDM was carried out using the
Gibson assembly method, where changes to the DNA sequence were incor-
porated in the PCR primers used for amplification of the two separate SDM
AoIRX coding fragments and cloned into pFUERTE vector.

BiFC constructs were generated by amplifying PCR products using primers
(BiFC)AoIRX Fwd and AoIRX(BiFC) Rev and cloning them into SfoI- and KpnI-
linearized pURIL (binary vector containing the first 155 amino acids of VENUS;
VN155) and pDOX (C-terminal version containing the last 84 amino acids
of VENUS; VC84) using the Gibson assembly method (Wilson et al., 2015;
Lampugnani et al., 2016). For mcBiFC experiments, new reporters were gen-
erated using the CFP mCERULEAN (Rizzo et al., 2004) split at amino acid 155,
such that the N-terminal version contained the first 155 amino acids (CN155)
and the C-terminal version contained the last 84 amino acids (CC84). CN155
and CC84 were synthesized downstream of a 20-amino acid Gly linker and
cloned into pFUERTE as described previously (Wilson et al., 2015; Lampugnani
et al., 2016). The resulting vectors 35S:MCS‐gLINKER‐CN and 35S:MCS‐
gLINKER‐CC were named pGANTHET and pWALKER, respectively. mcBiFC
analysis involves expressing a bait protein translationally fused to the
C-terminal half of either VENUS (VC) or CFP (CC) in the presence of two prey
proteins carrying the N-terminal half of either VENUS (VN) or CFP (CN), re-
spectively. The fluorescence color is determined by the N-terminal half of the
reconstituted protein. Signal in either the yellow or blue spectrum indicates an
interaction between the bait protein and one or more prey proteins. All mcBiFC
constructs used in this study were generated using the primers described
previously for BiFC and cloned into SfoI- and KpnI-linearized pGANTHET or
pWALKER.

All generated constructs were sequence verified and transformed into
Agrobacterium tumefaciens strain AGL1 by electroporation as described previ-
ously (Lampugnani et al., 2012) with the helper plasmid pSOUP (Hellens et al.,
2000).

Transient Expression in N. benthamiana Leaves

A. tumefaciens strain AGL1 carrying the constructs described earlier and
another strain generating the P19 protein to suppress gene silencing (Voinnet
et al., 2003)were grown in 2YT liquidmedium containing kanamycin (50mgmL21),
ampicillin (100 mg mL21), and tetracycline (10 mg mL21) to an OD 600 nm = 1 at
28°C. Cells were then pelleted, subsequently resuspended in infiltration me-
dium (10 mM MgCl2 and 0.6 mM acetosyringone, with the addition of 10 mM

MES, pH 5.7, for enzymatic studies), and adjusted to a final optical density at
600 nm = 1.2. After 2 h of incubation at room temperature, the cells were
infiltrated into the abaxial surface of 4-week-old N. benthamiana leaves using a
1-mL needleless syringe. After 3 d, leaf sectors were excised, mounted in water,
and processed as described below (“Microscopy”). Each inoculation was per-
formed on triplicate leaves, and all transformations were performed on at least
two separate occasions.

Assay of Xylan XylT Activity and Enzyme Purification

MMs were isolated from N. benthamiana leaves 3 d after A. tumefaciens in-
filtration following the method of Song et al. (2015). Xylan XylT assays using
either RP-HPLC (unlabeled donors) or radiolabeling (labeled donors) also fol-
low Song et al. (2015) with minor modifications. RP-HPLC buffer B was
changed to 50 mM ammonium acetate (pH 4.3) instead of sodium acetate for
better separation of the fluorescently labeled xylooligosaccharide products.

C-terminal VENUS-conjugated AoIRX9, AoIRX10, and AoIRX14A were
coexpressed in N. benthamiana leaves. For coimmunoprecipitation, MMs
(around 500 mg of protein) were solubilized with 1% (w/v) DDM for 20 min on
ice and centrifuged at 100,000g for 60 min at 4°C. The supernatant was mixed
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with 20 mL of GFP-Trap_A beads (Chromotek), incubated at 4°C for 3 h, and
washed three times with HEPES-KOH extraction buffer (Song et al., 2015) with
150 mM NaCl. Protein-bound agarose beads were added directly to the XylT
assay and assayed using the standard conditions outlined above.

Western Blotting

Polyclonal antibodies were generated and affinity purified by GenScript.
The antigen regions of AoIRX9, AoIRX10, and AoIRX14A were chosen using
the OptimumAntigen design tool (GenScript). The AoIRX9 antibody was
directed toward the peptide sequence LTASPSSSQSKNRR, the AoIRX10
antibody toward SSPVRTLNPEEA, and the AoIRXa14A antibody toward
NSEPLVQNEKKSEE. To confirm the expression of the asparagus IRX proteins
and to test the specificity of these antibodies, MMs of N. benthamiana leaves
expressing asparagus IRX proteins were extracted and used inwestern blotting.
SDS-PAGE and western blotting were performed according to Wilson et al.
(2015) unless otherwise specified. Briefly, SDS-PAGE and protein transfer was
performed using the XCell SureLock Mini-Cell system (Life Technologies).
Proteins were transferred to a 0.45-mm polyvinylidene difluoride membrane
(Thermo Scientific) using NuPAGE transfer buffer (Life Technologies) at 30 V
for 1 h. Membranes were blocked in 5% (w/v) skim milk powder in Tris-
buffered saline buffer containing 0.1% (v/v) Tween 20 (TBST) for 1 h at room
temperature and incubated with a primary antibody (1:1,000 dilution) in TBST
containing 5% (w/v) skimmilk powder for 1 h at room temperature with gentle
shaking. After washing with TBST for 10 min (three times), the membranes
were incubated with the secondary antibody (horseradish peroxidase-
conjugated goat anti-rabbit [Thermo Scientific]; 1:5,000 dilution) in TBST con-
taining 5% (w/v) skim milk powder for 1 h at room temperature with shaking.
Subsequently, the membranes were washed with TBST for 10 min (three times)
before WesternBright ECL HRP substrate (Advansta) was added to the mem-
brane. Signals were detected using a ChemiDoc MP imaging system and pro-
cessed via Image Lab software (Bio-Rad). In the case of the western blot of
native gels containing solubilized MMs of N. benthamiana leaves coexpressing
AoIRX9, AoIRX10, and AoIRX14A, the MMs were solubilized using 1% (w/v)
DDM, separated on a single native gel in three adjacent lanes, and then trans-
ferred to a single membrane that was marked for subsequent realignment. The
membrane for each lane was then cut and probed separately with the different
antibodies against AoIRX9, AoIRX10, and AoIRX14A. The membrane was then
realigned and subsequently imaged.

Proteomic Analysis

Purified protein samples were digested with trypsin (Promega), and the
peptides were analyzed by liquid chromatography-tandem mass spectrometry
using an LTQ Orbitrap Elite (Thermo Scientific) with an EASY nano electrospray
interface coupled to an Ultimate 3000 RSLC nanosystem (Dionex). The nanoLC
system was equipped with an Acclaim Pepmap nano-trap column (C18; 100 Å,
75mm3 2 cm; Dionex) and a Thermo EASY-Spray column (Pepmap RSLCC18;
2 mm, 100 Å, 75 mm 3 25 cm). Sample was loaded onto the enrichment (trap)
column at an isocratic flow of 4 mL min21 of 3% (v/v) acetonitrile containing
0.1% (v/v) formic acid for 5 min before the enrichment columnwas switched in
line with the analytical column. The eluents used for liquid chromatography
were 0.1% (v/v) formic acid (solvent A) and 0.1% (v/v) formic acid in aceto-
nitrile (solvent B). The following gradient of solvents was used: 3% B increasing
to 12% B over 1 min, 12% B increasing to 35% B over 20 min, followed by 35% B
increasing to 80% B over 2 min. The LTQ Orbitrap Elite mass spectrometer was
operated in the data-dependent mode with nano-electrospray ionization spray
voltage of +2 kV, capillary temperature of 250°C, and S-lens RF value of 55%.
Spectra were acquired in positive mode with full-scan range from mass-to-
charge ratio 300 to 1,650, with resolution of 100,000 FWHM and a target
value of 13 106 ions. Each sample was analyzed twice. The analysis used higher
collision dissociation for fragmentation for the 10 most intense ions detected in the
full-scanmodewith charge state n$ 2, isolated, and fragmented using normalized
collision energy of 35 and activation time of 100 ms.

The higher collision dissociation spectra were analyzed using Mascot
(Perkins et al., 1999) to search against anN. benthamiana database (in addition to
the heterologously expressed proteins; Bombarely et al., 2012) with the fol-
lowing parameters: enzyme, trypsin; fixed modifications, carbamidomethyl;
mass spectrometry peptide tolerance, 5 ppm; tandem mass spectrometry tol-
erance, 0.1 D; number of missed cleavages, up to one. A protein was determined
significant based on a false discovery rate of 1% using a randomized concate-
nated decoy database.

Microscopy

Imaging of fluorescent constructs was carried out on an inverted Leica SP5
confocal microscope using a 633 PLApo BL oil objective (numerical aperture of
1.4). A 458-nm laser line, attenuated to 40%, was used to excite mCERULEAN;
a 514-nm laser line, attenuated to 20%, was used to excite mVENUS; and a
561-nm laser line, attenuated to 20%, was used to excite mCHERRY. Emissions
were detected from 465 to 505 nm, 525 to 555 nm, and 572 to 614 nm, and
photodetectors were set at 800, offset by 25. Images were collected using an
average of eight optical slices. GA and ERmarkers used in this study have been
described previously (Lee et al., 2014; Wilson et al., 2015).
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