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Abstract

Main conclusion Multiple rice GT61 members were demonstrated to be xylan arabinosyltransferases (XATs) medi-
ating 3-O-arabinosylation of xylan and the functions of XATs and xylan 2-O-xylosyltransferases were shown to be
conserved in grass species.

Abstract Xylan is the major hemicellulose in the cell walls of grass species and it is typified by having arabinofuranosyl
(Araf) substitutions. In this report, we demonstrated that four previously uncharacterized, Golgi-localized glycosyltransferases
residing in clade A or B of the rice GT61 family were able to mediate 3-O-arabinosylation of xylan when heterologously
expressed in the Arabidopsis gux1/2/3 triple mutant. Biochemical characterization of their recombinant proteins established
that they were xylan arabinosyltransferases (XATs) capable of transferring Araf residues onto xylohexaose acceptors, and thus
they were named OsXAT4, OsXATS, OsXAT6 and OsXAT7. OsXATS5 and the previously identified OsXAT2 were shown
to be able to arabinosylate xylooligomers with a degree of polymerization of as low as 3. Furthermore, a number of XAT
homologs from maize, sorghum, Brachypodium and switchgrass were found to exhibit activities catalyzing Araftransfer onto
xylohexaose, indicating that they are XATs involved in xylan arabinosylation in these grass species. Moreover, we revealed
that homologs of another GT61 member, xylan 2-O-xylosyltransferase (XYXT1), from these grass species could mediate
2-0O-xylosylation of xylan when expressed in the Arabidopsis gux1/2/3 mutant. Together, our findings indicate that multiple
OsXATs are involved in 3-O-arabinosylation of xylan and the functions of XATs and XYXTs are conserved in grass species.
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Introduction sorghum and miscanthus, have been exploited to be promis-

ing sources of lignocellulosic biomass for second generation

The grass family is one of the largest and most widely dis-
tributed plant families and it is vital to humanity since the
cultivated grasses, including maize, rice and wheat, are the
most extensively grown food crops (Levetin and McMahon
2016). In addition, some grass species, such as switchgrass,
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biofuel production (Marriott et al. 2016). One of the major
biopolymers in grass biomass is xylan, which is a polysac-
charide that is crosslinked with lignin through hydroxycin-
namates in grass species. The xylan-lignin crosslinking is
considered to be one of the factors contributing to the recal-
citrance of grass biomass conversion into fermentable sug-
ars for biofuel generation as well as to the low digestibility
of grass species used for animal feeding (Buanafina 2009;
Hatfield et al. 2017). Therefore, uncovering the biochemical
mechanisms controlling xylan biosynthesis in grass species
could potentially provide a knowledge base for genetically
modifying grass biomass composition tailored for diverse
end uses.

Xylan is the major hemicellulose in both primary and
secondary walls of grass species. The backbone xylosyl
(Xyl) residues of grass xylan are substituted extensively with

@ Springer


http://orcid.org/0000-0001-5714-744X
http://crossmark.crossref.org/dialog/?doi=10.1007/s00425-021-03794-y&domain=pdf

131 Page2of15

Planta (2021) 254:131

3-0-arabinofuranosyl (Araf) residues but only slightly with
glucuronic acid/methylglucuronic acid (GlcA/MeGlcA),
which differs from dicot xylan that is characterized by hav-
ing GlcA/MeGIcA as the major substituents (Vogel 2008).
Depending on grass species, the 3-O-Araf-substituted back-
bone Xyl residues could be further arabinosylated at O-2
forming 2,3-di-O-Araf substitutions, and the 3-O-Araf side-
chain residues could be further decorated at O-2 with Araf
or Xyl to generate the disaccharide side chains Araf~Araf or
Xyl-Araf, respectively (Hoffmann et al. 1991; Verbruggen
et al. 1998; Hoije et al. 2006; McCleary et al. 2015). The
3-0-Araf side-chain residues could also be substituted at O-5
with hydroxycinnamates, such as ferulic acid or p-coumaric
acid, which are involved in crosslinking xylan as well as
xylan with lignin in grass species (Hartley et al. 1990; Ralph
et al. 1995). In addition to the sugar and hydroxycinnamate
substituents, grass xylan is often acetylated at O-2 and O-3
of the backbone Xyl residues (Naran et al. 2009; Carvalho
et al. 2017; Zhong et al. 2018a).

Genetic analyses have demonstrated that the backbone
elongation of grass xylan entails glycosyltransferases (GTs)
from the GT43 and GT47 families, which is the same as
that of dicot xylan (Zeng et al. 2010; Chiniquy et al. 2013;
Lovegrove et al. 2013; Lee et al. 2014; Urbanowicz et al.
2014; Zhang et al. 2014; Whitehead et al. 2018; Pellny et al.
2020; Petrik et al. 2020). Several glycosyltransferases in the
GT61 family have been implicated in the 3-O-Araf substitu-
tions of grass xylan. It was shown that downregulation in the
expression of wheat xylan arabinosyltransferase 1 (TaXAT1)
caused a major reduction in xylan 3-O-Araf substitutions
in the endosperm, and TaXAT2 and rice OsXAT2/3 could
arabinosylate xylan when heterologously expressed in
Arabidopsis (Anders et al. 2012). OsXAT2 was biochemi-
cally proven to be a 3-O-arabinosyltransferase catalyzing
3-0-Araf transfer onto xylan (Zhong et al. 2018b) and dou-
ble knockout mutations of OsXAT2/3 caused a reduction
in arabinosyl content in rice cell walls (Chen et al. 2021).
Two other rice GT61 members, XAX1 (xylosyl arabinosyl
substitution of xylan 1) and OsXYXT]1 (xylan 2-O-xylo-
syltransferase 1), are also involved in xylan substitutions.
Mutation of the XAX/ gene led to an absence of the finger-
printing peak corresponding to the Xyl—Araf side chains of
xylan and thus, it was proposed to mediate Xyl transfer onto
xylan, but its exact biochemical function remains elusive
(Chiniquy et al. 2012). OsXYXT1 was demonstrated to be
a p-1,2-xylosyltransferase catalyzing the transfer of 2-O-Xyl
side chains directly onto the xylan backbone as evidenced
by its heterologous expression in the Arabidopsis gux1/2/3
mutant and activity assays of its recombinant protein
(Zhong et al. 2018b). Hydroxycinnamate esterification of
the Araf side chains of grass xylan was proposed to be medi-
ated by a group of grass-specific BAHD acyltransferases
(Mitchell et al. 2007; Pellny et al. 2012). Overexpression
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or downregulation in the expression of a number of these
BAHD genes in rice, Brachypodium, sugarcane and Setaria
viridis have been shown to result in an alteration in the level
of hydroxycinnamates associated with hemicelluloses (Pis-
ton et al. 2010; Bartley et al. 2013; Buanafina et al. 2016; de
Souza et al. 2018; Fanelli et al. 2021; Mota et al. 2021). Like
that of dicot xylan, the acetylation of grass xylan is catalyzed
by a group of DUF231 domain-containing acetyltransferases
(Gao et al. 2017; Zhong et al. 2018a, 2019).

Glycosyltransferases in the GT61 family have been phy-
logenetically grouped into three clades named A, B, and
C, and clade A had undergone a substantial expansion in
grass species, e.g., there are 19 clade A members in rice
versus only 2 in Arabidopsis (Mitchell et al. 2007; Anders
et al. 2012). As described above, thus far only several clade
A members, including four rice ones (OsXAT2/3, XAX1
and OsXYXT1) and two wheat ones (TaXAT1/2), have been
shown to be involved in xylan substitutions. In this report,
we performed a comprehensive functional analysis of rice
GT61 members for their involvement in xylan substitutions
by heterologous expression in the Arabidopsis gux1/2/3
mutant. Three new members (OsXAT4/5/6) in clade A and
one member (OsXAT7) in clade B of the rice GT61 family
were found to mediate the addition of 3-O-Araf side chains
onto xylan. We further revealed that the recombinant pro-
teins of OsXATs and their homologs from maize, sorghum,
Brachypodium and switchgrass were able to add one to
three Araf residues onto the xylohexaose acceptors, which
provides unequivocal biochemical evidence demonstrating
that they are xylan arabinosyltransferases. In addition, we
showed that XYXT1 homologs from these grass species
were capable of transferring 2-O-Xyl side chains onto xylan
when expressed in the Arabidopsis gux1/2/3 mutant. These
findings not only enrich our understanding of the functional
roles of GT61 members in grass xylan substitutions but also
provide molecular tools for modifying xylan structure in bio-
fuel crops such as switchgrass.

Materials and methods
Phylogenetic analysis

The amino acid sequences of Rice GT61 proteins were
retrieved from the genome sequence database of rice (Oryza
sativa v7_JGI at Phytozome v12). OsXATs and OsXYXT1
were used to BLAST search for their close homologs from
the genome sequence databases of maize (Zea mays), sor-
ghum (Sorghum bicolor), Brachypodium distachyon and
switchgrass (Panicum virgatum) at Phytozome v12. Their
phylogenetic relationship was evaluated using the MEGA
(v6.0) software with the maximum likelihood method.
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Generation of transgenic gux1/2/3 plants expressing
grass GT61 genes

The full-length GT61 cDNAs from rice, maize, sorghum,
Brachypodium distachyon and switchgrass were PCR-
amplified and confirmed by sequencing. The cDNAs were
inserted between the 2-kb ArCesA7 promoter and the nopa-
line synthase terminator in a modified pGPTV-HPT binary
vector to create the GT61 expression constructs, which were
introduced into the Arabidopsis gux1/2/3 mutant plants by
Agrobacterium-mediated transformation. For each construct,
three separate pools of stems, each from at least 20 inde-
pendent transgenic plants, were used as three biological rep-
licates for subsequent structural analyses of xylan.

Generation of xylooligomers by xylanase digestion

Stems collected from the transgenic plants were ground into
powders in liquid nitrogen and the alcohol-insoluble cell
walls were isolated as previously described (Zhong et al.
2005). The cell walls were first extracted with ammonium
oxalate to remove pectin and then extracted with 1 N KOH
for xylan, which was digested with endo-1,4-pf-xylanase
M6 (GH11; Megazyme, Wicklow, Ireland). The xylanase-
released xylooligomers were passed through a Sephadex
G25 column (1x 100 cm) and eluted with H,O. Carbohy-
drates in the eluent were monitored by a refractive index
detector and the fractions containing xylooligomers were
pooled and lyophilized before analysis. Since the xylan
reducing end oligosaccharide and the substituted xylotetra-
ose oligomers, if present, were eluted in proximate frac-
tions as reported previously (Zhong et al. 2018b), they were
pooled together and analyzed as a mixture. Although in a
mixture, the identities of the xylan reducing end oligosac-
charide and the substituted xylotetraose oligomers could
be readily distinguished using nuclear magnetic resonance
(NMR) based on their chemical shifts (Pena et al. 2007,
Zhong et al. 2018b).

MALDI-TOF mass spectrometry

Matrix-assisted laser desorption ionization-time-of-flight
(MALDI-TOF) mass spectrometry was carried out using
a Bruker Autoflex TOF mass spectrometer (Billerica, MA,
USA) in reflection mode. The samples were mixed (1:1, v/v)
with the MALDI matrix (0.1 M 2,5-dihydroxybenzoic acid
and 0.03 M 1-hydroxyisoquinoline in 50% acetonitrile) and
dried on a target plate. One microliter of xylanase-released
xylooligomers (1 pg/pl) or the XAT-catalyzed reaction mix-
tures were used for analysis. The spectra were the averages
of at least 100 laser shots. Xylooligomers isolated from three
separate pools of stems for each construct were analyzed and
representative spectra were shown.

NMR spectroscopy

One-dimensional (1D) and two-dimensional (2D) NMR
spectra of the isolated xylooligomers were recorded using
standard Varian pulse sequences with a Varian Inova
500 MHz spectrometer (Varian Inc., Palo Alto, CA, USA).
The proton positions and residue identities in the NMR
spectra were assigned based on our 1D and 2D NMR spec-
tral data and the published NMR spectral data for xylan
(Pena et al. 2007; Chiniquy et al. 2012; McCleary et al.
2015; Zhong et al. 2018b).

Generation of recombinant XAT proteins

Recombinant XAT proteins were heterologously expressed
in the human embryonic kidney (HEK) 293 cells in a
secreted form. Briefly, the XAT cDNAs with deletion of
the N-terminal transmembrane helix were ligated in frame
between the murine Igk chain leader sequence (for protein
secretion) and the c-myc epitope and six tandem histidine
tag in the pSecTag2 mammalian expression vector (Inv-
itrogen, Waltham, MA, USA). The amino acids used for
recombinant protein production were from numbers 40 to
583 for OsXAT?2, 40 to 576 for OsXAT?3, 36 to 460 for
OsXAT4, 36 to 485 for OsXATS, 39 to 500 for OsXAT6,
48 to 491 for OsXAT7, 40 to 596 for ZmXATI1, 33 to
455 for ZmXAT?2, 35 to 462 for SbXATI1, 36 to 501 for
BdXATI, 40 to 593 for PvXATI, 41 to 596 for PvXAT?2,
and 40 to 573 for PvXAT3. The expression constructs
were transfected into HEK293 cells using the Invitrogen
FreeStyle 293 Expression System according to the manu-
facturer’s protocol. After 5 days of culture, the culture
media were collected for purification of expressed proteins
by passing through a nickel resin column. The purified
proteins were examined by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE) followed by
Coomassie Blue staining.

Arabinosyltransferase activity assay

Xylan arabinosyltransferase activity was assayed by incu-
bating the purified recombinant XAT proteins (20 pg)
with 0.3 mM UDP-Araf (Peptide Institute, Osaka, Japan),
0.3 mM anthranilic acid (AA)-labeled xylooligomers,
and 1 mM MgCl, in 50 mM HEPES buffer (pH 7.0) at
37 °C for 4 h. Xylooligomers (Xyl; to Xyls; Megazyme)
were labeled at their reducing termini with AA (Ishii et al.
2002). The addition of Arafresidues on the xylooligomer
acceptors in the XAT-catalyzed reaction products was
examined with MALDI-TOF mass spectrometry.
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Subcellular localization

OsXATs tagged with green fluorescent protein (GFP) at their
C-terminus were cloned under the cauliflower mosaic virus
35S promoter in a modified pBI221vector. These constructs
were co-transfected with a construct expressing mCherry-
tagged FRAS8 (Zhong et al. 2005) into Arabidopsis leaf pro-
toplasts (Yoo et al. 2007). The fluorescent signals in the
transfected protoplasts were recorded using a Zeiss LSM 710
confocal microscope. At least 10 Arabidopsis protoplasts
were imaged and representative images were shown.

Statistical analysis

Three independent biological replicates were conducted for
each of the experiments reported in this study and repre-
sentative spectra of the MALDI-TOF MS and NMR data
were shown.

Accession numbers

The GenBank accession numbers/the gene locus names
for rice XATs discussed in this study are OK632045/
0502g22480/0s02g0330200 for OsXAT2, OK632046/
0s03g37010/0s0320567600 for OsXAT3, OK632047/
0s06g49320/0s06g0707200 for OsXAT4, OK632048/
0s02g04250/0s02g0135500 for OsXATS, OK632049/
0s10g35020/0s10g0492200 for OsXAT6, OK632050/
0s01g72610/0s501g0956200 for OsXAT7. The GenBank
accession numbers for the other grass genes discussed
in this study are OK632051 for ZmXAT1, OK632052
for ZmXAT2, OK632053 for SbXAT1, OK632054 for
BdXAT1, OK632055 for PvXAT1, OK632056 for PvXAT2,
0K632057 for PvXAT3, MG763173 for OsXYXTI,
0K632058 for ZmXYXT1, OK632059 for SbXYXTI,
0K632060 for BAXYXT1, OK632061 for PvXYXTI1, and
0K632062 for PvXYXT2.

Results

Identification of new rice GT61 members involved
in 3-O-arabinosylation of xylan

Four members in clade A of the rice GT61 family, includ-
ing OsXAT2/3, XAX1 and XYXT1, have been previously
shown to be involved in xylan substitutions (Anders et al.
2012; Chiniquy et al. 2012; Zhong et al. 2018b). To inves-
tigate the potential roles of the other members of the rice
GT61 family (Fig. 1A) in xylan substitutions, we employed
the gain-of-function approach to heterologously express
the rest 15 clade A members and all 5 clade B members
in the Arabidopsis gux1/2/3 mutant. Xylan from transgenic
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Fig.1 MALDI-TOF mass spectrometry of xylanase-released xylo-
oligomers from xylan of transgenic gux1/2/3 expressing rice GT61
genes. a Phylogenetic relationship of members in clades A and B of
the rice GT61 family. Highlighted in yellow are the four newly identi-
fied OsXAT4/5/6/7 and the two previously reported OsXAT2/3. The
phylogenetic tree was constructed using the maximum likelihood
method and the bootstrap values from 1000 replicates are shown
as percentages at the nodes. The 0.1 scale denotes 10% change.
b MALDI-TOF mass spectra showing the appearance of a new ion
species at m/z 701 (IM+Na]*) in the xylooligomers from transgenic
gux1/2/3 expressing OsXATs compared with those from the gux1/2/3
mutant. The ion species at m/z 761 corresponds to the pentasaccha-
ride reducing end sequence of xylan
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gux1/2/3 expressing these rice GT61 genes was digested
with the GH11 xylanase to release xylooligomers, which
were examined for their structure. The GHI11 xylanase
hydrolyzes the unsubstituted xylan backbone into Xyl
monomers and dimers, whereas its digestion of xylan deco-
rated with side chains produces substituted xylooligomers
since it is unable to cleave the xylosidic bond between a
substituted Xyl and an unsubstituted Xyl (Paes et al. 2012).
Mutations of the Arabidopsis GUX1/2/3 genes cause a com-
plete lack of GlcA/MeGIcA side chains in xylan (Mortimer
et al. 2010; Lee et al. 2012) and as expected, MALDI-TOF
mass spectrometry of xylooligomers generated from xyla-
nase digestion of xylan of the gux1/2/3 mutant only showed
ion species at m/z 761 and 629 corresponding to the xylan
reducing end sequence, Xyl-Xyl-Rha-GalA-Xyl and Xyl-
Rha-GalA-Xyl, respectively, due to digestion of the unsub-
stituted xylan backbone into Xyl monomers/dimers (Fig. 1B;
Supplementary Fig. S1). By contrast, MALDI-TOF mass
spectrometry of xylooligomers from xylan of transgenic
gux1/2/3 expressing rice GT61 genes revealed that like that
of OsXAT2/3, expression of four previously uncharacter-
ized rice GT61 members resulted in a new prominent ion
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species at m/z 701 corresponding to oligomers with five
pentosyl residues (Fig. 1B). The appearance of the m/z
701 ion species indicates that xylan from these transgenic
gux1/2/3 was substituted, which prevented the digestion of
the xylan backbone into Xyl monomers/dimers by xylanase.
Since these four rice GT61 members were later found to
add Arafresidues onto xylan (see below), they were named
OsXAT4 (0Os06g49320), OsXATS5 (0s02g04250), OsXAT6
(0s10g35020) and OsXAT7 (0s01g72610).

The m/z 701 ion species in the xylooligomers from
gux1/2/3 expressing these GT61 members is most likely
attributed to xylotetraose substituted with a pentosyl resi-
due, Araf or Xyl. We next employed '"H NMR spectroscopy
to determine the chemical structure of these xylooligomers.
While the xylooligomers from the gux1/2/3 mutant displayed
major resonances that are characteristic of the xylan reduc-
ing end sequence, those from gux1/2/3 expressing these
GT61 genes exhibited predominant resonances attributed
to xylan backbone Xyl residues, including H1 of reducing
a-Xyl at 5.18 ppm, H1 of reducing B-Xyl at 4.58 ppm and
HI1 of unbranched $-Xyl at 4.45 ppm (Fig. 2; Supplementary
Table S1). More importantly, similar to those from gux1/2/3

H2

Ha
H1 H1 a-G\juA o-Rha

3-linked -Xyl
HDO B->§yl XY

H1
reducing

B-Xyl
N

=

H4
a-Araf

) T T T T T
56 55 54 53 52 51

50 49 48 47 46

T T T 1
45 44 43 42

TH Chemical Shift (ppm)

Fig.2 "H NMR spectroscopy of xylooligomers from xylan of trans-
genic gux1/2/3 expressing rice GT61 genes. The resonance peaks
are marked with the proton positions and the corresponding residue
identities. Note the appearance of resonances corresponding to H1 of
3-O-linked terminal a-Arafat 5.39 ppm and H4 of a-Arafat 4.27 ppm
(highlighted in yellow) in the xylooligomers from gux1/2/3 express-
ing OsXATs compared with those from guxi/2/3. The resonances

attributed to the xylan reducing end sequence are H1 of a-GalA
at 5.26 ppm, H1 of a-Rha at 5.08 ppm, H1 of 3-linked p-Xyl at
4.67 ppm, H4 of a-GalA at 4.36 ppm, and H2 of a-Rha at 4.23 ppm
(highlighted in gray). The resonances corresponding to the xylan
backbone Xyl residues are H1 of reducing a-Xyl at 5.18 ppm, H1 of
reducing p-Xyl at 4.58 ppm, and H1 of -Xyl at 4.42—4.54 ppm (high-
lighted in green). HDO hydrogen deuterium oxide

@ Springer



131 Page6of15

Planta (2021) 254:131

expressing OsXAT?2/3, the xylooligomers from gux1/2/3
expressing OsXAT4/5/6/7 also showed a diagnostic reso-
nance at 5.39 ppm corresponding to HI of terminal a-Araf
attached to O-3 of backbone Xyl residues (Fig. 2; Hoije
et al. 2006), indicating that the xylooligomers from gux1/2/3
expressing OsXAT4/5/6/7 were substituted with 3-O-Araf
residues. In addition, the resonances at 4.26 ppm corre-
sponding to H4 of a-Araf were also evident (Fig. 2), further
supporting the presence of Araf side chains in the xyloo-
ligomers from gux1/2/3 expressing OsXAT4/5/6/7. These
results demonstrated that like OsXAT?2/3, OsXAT4/5/6/7
were able to add 3-O-Araf side chains onto xylan when het-
erologously expressed in the Arabidopsis gux1/2/3 mutant,
suggesting that they are most likely xylan 3-O-arabinosyl-
transferases. It was noticed that a few minor unknown peaks
were present in some of the spectra of xylooligomers from
gux1/2/3 expressing these OsXAT genes, which did not
appear to match with any known chemical shifts of glycosyl
residues in xylan. Due to their low abundance, it was impos-
sible to determine their structure and thus, their identities
remain unknown.

OsXAT4/5/6/7 are Golgi-localized xylan
arabinosyltransferases

We next examined whether these putative OsXATs were
localized in the Golgi, where xylan biosynthesis occurs. It
was found that their GFP-tagged proteins were co-localized
with mCherry-tagged FRAS8 (Fig. 3), a known Golgi-local-
ized glycosyltransferase involved in xylan synthesis (Zhong
et al. 2005). Although OsXAT?2/3 were previously shown to
arabinosylate xylan when expressed in Arabidopsis (Anders
et al., 2012), only OsXAT2 was biochemically confirmed to
be a xylan 3-O-arabinosyltransferase (Zhong et al. 2018b).
To ascertain whether OsXAT?3 and the four newly identi-
fied OsXATs are xylan arabinosyltransferases, we expressed
their recombinant proteins in HEK293 cells for biochemical
characterization. These OsXATs were predicted to be type II
membrane proteins with an N-terminal transmembrane helix
followed by a putative catalytic domain (Supplementary Fig.
S2). The recombinant proteins of these OsXATs without the
N-terminal transmembrane helix were successfully gener-
ated (Fig. 4A) and their arabinosyltransferase activities were
examined by incubation with UDP-Araf and the anthranilic
acid (AA)-labeled xylohexaose (X4-AA) acceptors. MALDI-
TOF mass spectrometry of the reaction products revealed
that in addition to the X,-AA acceptor at m/z 954, there
appeared up to three new ion species at m/z 1086, 1218 and
1350 (Fig. 4B), which had a successive mass increment of
132 Da (corresponding to one Arafresidue) over the mass of
the X¢-AA acceptor, indicating that they are mono-, di, and
tri-arabinosylated X,-AA, respectively. While OsXAT3/4/7
only added one Araf residue onto X4-AA, OsXAT6 could
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add up to two and OsXAT2/5 up to three Araf residues
(Fig. 4B). Together with the in planta data (Figs. 1 and 2),
these results established that like OsXAT2, OsXAT?3/4/5/6/7
are xylan 3-O-arabinosyltransferases.

We further investigated the minimal length of xylo-
oligomers required by OsXATs for arabinosylation. Since
OsXAT?2/5 exhibited the highest activities toward the X4-AA
acceptors (Fig. 4B), they were tested to arabinosylate AA-
labeled xylooligomers with different degrees of polymeri-
zation (DP), including xylotriose (X3), Xylotetraose (X,)
and xylopentaose (Xs). MALDI-TOF mass spectrometry
of the reaction products showed that xylooligomers with a
DP of as low as 3 were efficiently mono-arabinosylated by
both OsXAT2 and OsXATS5 (Fig. 5). Although X.-AA was
readily di-arabinosylated by both OsXAT2 and OsXATS5
(Fig. 4B), significant di-arabinosylation of xylooligom-
ers with a lower DP was only observed on X5-AA in the
OsXATS5-catalyzed reaction (Fig. 5C), indicating that di-
arabinosylation by OsXAT2/5 is dependent on the DP of the
xylooligomer acceptors.

The OsXAT genes display differential expression
patterns in different organs

The finding that multiple OsXATs could add Araf residues
onto xylan prompted us to find out whether they were dif-
ferentially expressed in different organs. The spatio-tempo-
ral expression data of OsXAT genes in various tissues and
organs throughout the plant growth cycle were retrieved
from the Rice Expression Profile Database (http://ricex
pro.dna.affrc.go.jp/GGEP/) and comparison of these data
showed a notable difference in the expression of OsXATs
in different organs (Supplementary Fig. S3). It was evident
that OsXAT3/4/5/7 displayed predominant expression in leaf
sheath, roots, and except for OsXAT7, stems. OsXAT3/5/7
had a higher expression in leaf blades than other OsXATs.
The OsXAT genes were also differentially expressed in var-
ious reproductive organs (Supplementary Fig. S3). These
data suggest that the Araf substitutions of xylan in different
rice organs are likely catalyzed by a combination of differ-
ent OsXATs.

A number of OsXAT homologs from maize, sorghum,
Brachypodium and switchgrass exhibit xylan
arabinosyltransferase activities

A common feature of grass xylan is its extensive substitu-
tions with 3-O-Araf (Vogel 2008). To further our under-
standing of xylan arabinosylation in grass species, we
BLAST-searched the genomes of maize, sorghum, Brach-
ypodium and switchgrass and found a number of close
homologs of OsXATs (Fig. 6A). Attempts to express the
recombinant proteins of these grass XAT homologs in
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Fig.3 Subcellular localiza-
tion of OsXATs. Constructs
encoding OsXATs tagged with
GFP (OsXAT-GFP) and FRAS-
mCherry were co-transfected
into Arabidopsis protoplasts
and the transfected cells were
imaged for GFP and mCherry
signals using a confocal
microscope. DIC, differential
interference contrast. The
merged images are overlays of
the GFP and mCherry signals.
Note the co-localization of the
punctate signals of OsXAT-
GFP with those of the Golgi-
localized FRA8-mCherry. Scale
bars=8.8 pm

OsXAT2-GFP+
FRA8-mCherry

OsXAT3-GFP+
FRA8-mCherry

OsXAT4-GFP+
FRA8-mCherry

OsXAT5-GFP+

»”

FRA8-mCherry

OsXAT6-GFP+
FRA8-mCherry

OsXAT7-GFP+
FRA8-mCherry

HEK?293 cells led to the production of several of them,
including two from maize, one each from sorghum and
Brachypodium, and three from switchgrass (Fig. 6B).
Arabinosyltransferase activity assays by incubation with
UDP-Araf and the X4-AA acceptors followed by MALDI-
TOF mass spectrometry revealed that while ZmXAT2
and SbXAT1 could transfer one Arafresidue onto X¢-AA,
ZmXATI1, BAXAT1 and PvXAT1/2/3 were able to add up
to two Araf residue onto X,-AA (Fig. 6B), indicating the

functional conservation of these XAT homologs as xylan
arabinosyltransferases in grass species.

XYXT homologs from maize, sorghum,
Brachypodium and switchgrass are able to add
2-0-Xyl side chains onto xylan

One of the rice GT61 members, OsXYXT1, has previously
been demonstrated to be a xylan 2-O-xylosyltransferase
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Fig.4 Detection of the arabinosyltransferase activities of OsX- »

ATs. a SDS-PAGE and Coomassie Blue staining of the recombinant
OsXAT?2/3/4/5/6/7 proteins expressed in HEK293 cells. The molecu-
lar masses of markers (kDa) are shown on the left. b MALDI-TOF
mass spectra of OsXAT-catalyzed reaction products. OsXATs were
incubated with UDP-Araf and the anthranilic acid (AA)-labeled
xylohexaose (X4-AA) acceptors, and the reaction products were
examined with MALDI-TOF mass spectrometry. The control was
heat-denatured OsXAT?2 incubated with UDP-Araf and X¢-AA. Each
ion species is denoted with its mass ([M +Na]*) and oligomer com-
position. The ion species at m/z 954 corresponds to the X,-AA accep-
tor and those at m/z 1086, 1218 and 1350 have a successive mass
increment of 132 Da (corresponding to one Araf residue) over the
mass of X-AA and are attributed to X4-AA decorated with one Araf
[X(A)-AA], two Araf [X(A),-AA] and three Araf [X4(A);-AAl],
respectively

catalyzing the addition of 2-O-Xyl side chains onto the xylan
backbone (Zhong et al. 2018b). It is currently unknown
whether other grass species also harbor xylan 2-O-xylosyl-
transferases involved in decorating the xylan backbone with
2-0-Xyl side chains. A BLAST search revealed the pres-
ence of XYXT close homologs in the genomes of several
grass species, including maize, sorghum, Brachypodium
and switchgrass (Fig. 7A). To find out whether these grass
XYXT homologs possess xylan 2-O-xylosyltransferase
activities, we first tried to express them in HEK293 cells
but failed to obtain any recombinant proteins, and hence we
resorted to the gain-of-function approach to express them in
the Arabidopsis gux1/2/3 mutant. Xylooligomers released
by xylanase digestion of xylan from gux1/2/3 expressing
these grass XYXT homologs were examined for their struc-
ture and compared with those from the gux//2/3 mutant.
MALDI-TOF mass spectrometry revealed that although the
xylooligomers from gux1/2/3 only had the m/z 761 ion spe-
cies attributed to the xylan reducing end pentasaccharide
sequence, those from gux1/2/3 expressing grass XY XTs
displayed a prominent ion species at m/z 701 corresponding
to xylotetraose substituted with a pentosyl residue (Fig. 7B),
indicating that xylan from these transgenic gux1/2/3 was
substituted.

Structural analysis using '"H NMR spectroscopy showed
that while the xylooligomers from gux1/2/3 only had reso-
nances attributed to the xylan reducing end sequence, those
from gux1/2/3 expressing grass XY XTs exhibited predomi-
nant resonances that are characteristic of xylan backbone
Xyl residues (Fig. 7C), further indicating that xylan from
these transgenic gux1/2/3 was substituted. The presence of
prominent resonances at 4.64 ppm (Fig. 7C), which were
attributed to 2-O-Xyl side chains of xylan (Zhong et al.
2018b), suggests that xylan from these transgenic gux1/2/3
was substituted with 2-O-Xyl residues.

Since the resonances for 2-O-Xyl side chains and
branched backbone Xyl residues were partially over-
lapped in the 1D NMR spectra, we next applied 2D NMR
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Fig.5 Arabinosyltransferase activities of OsXAT2/5 toward xylo-
oligomers with different degrees of polymerization. OsXAT2/5 were
incubated with UDP-Araf and the indicated xylooligomer acceptors,
and the reaction products were examined with MALDI-TOF mass
spectrometry. Each ion species is denoted with its mass ([M+ Na]*)
and oligomer composition. a MALDI-TOF mass spectra of the reac-
tion products of AA-labeled xylotriose (X;-AA) incubated with heat-
denatured OsXAT2 (top), OsXAT2 (middle) or OsXATS5 (bottom).
The ion species at m/z 558 corresponds to the X;-AA acceptor and
that at m/z 690 has a mass increment of 132 Da (corresponding to
one Araf residue) over the mass of X;-AA and is attributed to X;-AA
decorated with one Araf residue [X5(A);-AA]. b MALDI-TOF mass
spectra of the reaction products of AA-labeled xylotetraose (X,-AA)

spectroscopy, including heteronuclear single quantum coher-
ence (HSQC) and heteronuclear multiple bond correlation
(HMBC), to verify the presence of 2-O-Xyl side chains
in the xylooligomers (Fig. 8A) from gux1/2/3 expressing
grass XYXTs. The HSQC analysis, which provides correla-
tion between each carbon and its attached protons, showed
that the spectral region of the one-bond HI-C1 anomeric
correlation exhibited distinct resonances corresponding to
the Xyl5 side-chain residue (the correlation between H1
of f-Xyl5 at 4.640 ppm and C1 of g-Xyl5 at 103.6 ppm)
and the branched Xyl3 residue (the correlation between H1
of f-Xyl3 at 4.635 ppm and C1 of p-Xyl3 at 100.1 ppm)
(Figs. 8 and 9), verifying that the resonances at 4.64 ppm
observed on the 1D NMR spectra were attributed to the Xyl
side chains. The HMBC analysis, which provides correla-
tions between carbons and protons that are separated by
two bonds or more, revealed resonances corresponding to
the correlation between H1 of -Xyl5 at 4.640 ppm and C2
of B-Xyl3 at 80.3 ppm as well as the correlation between
H2 of g-Xyl3 at 3.520 ppm and C1 of $-Xyl5 at 103.6 ppm
(Figs. 8 and 9), further supporting that the Xyl5 side-chain

incubated with heat-denatured OsXAT?2 (top), OsXAT2 (middle) or
OsXATS (bottom). The ion species at m/z 690 corresponds to the
X4-AA acceptor and those at m/z 822 and 954 have a successive
mass increment of 132 Da over the mass of X,;-AA and are attrib-
uted to X,-AA decorated with one Araf [X,(A);-AA] and two Araf
[X4(A),-AA], respectively. ¢ MALDI-TOF mass spectra of the reac-
tion products of AA-labeled xylopentaose (X5-AA) incubated with
heat-denatured OsXAT2 (top), OsXAT2 (middle) or OsXATS5 (bot-
tom). The ion species at m/z 822 corresponds to the Xs-AA acceptor
and those at m/z 954 and 1086 have a successive mass increment of
132 Da over the mass of Xs-AA and are attributed to Xs-AA deco-
rated with one Araf [X5(A);-AA] and two Araf [X5(A),-AA], respec-
tively

residue is attached to Xyl3 at O-2. The HMBC spectra also
displayed resonances attributed to the correlation between
H1 of p-Xyl2 at 4.460 ppm and C4 of B-Xyll at 76.3 ppm,
that between H1 of f-Xyl3 (4.635 ppm) and C4 of p-Xyl2
(76.3 ppm), and that between H1 of p-Xyl4 (4.460 ppm)
and C4 of f-Xyl3 (76.3 ppm) in the xylan backbone. These
results confirmed that xylan from gux1/2/3 expressing grass
XYXTs was substituted at O-2 with -Xyl side chains, indi-
cating that these XYXTs are functionally conserved in
mediating the transfer of 2-O-Xyl side chains onto the xylan
backbone.

Discussion

Grass xylan differs from dicot xylan by having extensive
Araf substitutions. The Araf side chains in grass xylan
could be further substituted with hydroxycinnamates that
are involved in crosslinking xylan with lignin, which con-
tributes to biomass recalcitrance in grass species (Vogel
2008). Therefore, characterization of genes responsible
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Fig.6 Identification of xylan arabinosyltransferases in other grass XATs expressed in HEK293 cells. The molecular masses of

grass species. a Phylogenetic analysis of the close homologs of
OsXAT2/3/4/5/6 in other grass species, including maize (GRMZM/
Zm), sorghum (Sobic/Sb), Brachypodium distachyon (Bradi/Bd)
and switchgrass (Pavir/Pv). The phylogenetic tree was constructed
using the maximum likelihood method and the bootstrap values from
1000 replicates are shown as percentages at the nodes. The 0.1 scale
denotes 10% change. b MALDI-TOF mass spectrometry of the reac-
tion products catalyzed by grass XATs. Shown at the top left panel
is the SDS-PAGE and Coomassie Blue staining of the recombinant

for xylan arabinosylation could have significant biotech-
nological implications. Despite the importance of Araf
substitutions in xylan, our understanding of xylan arabi-
nosylation in grass species is still limited. So far, only four
GT61 members, TaXAT1/2 from wheat and OsXAT?2/3
from rice, have been implicated in xylan arabinosylation
(Anders et al. 2012) and among them, only OsXAT2 was
biochemically proven to be a xylan arabinosyltransferase
(Zhong et al. 2018b). In this report, we have found four
new rice GT61 members, OsXAT4/5/6/7, that are capa-
ble of arabinosylating xylan at O-3 when heterologously
expressed in the Arabidopsis gux1/2/3 mutant. Further-
more, we demonstrated that like OsXAT?2, the recombi-
nant proteins of OsXAT3/4/5/6/7 were able to transfer Araf
residues onto the xylohexaose acceptors, which provides
biochemical evidence that these rice GT61 members are
xylan arabinosyltransferases.

@ Springer

markers (kDa) are shown on the left. XATs were incubated with
UDP-Araf and the AA-labeled xylohexaose (X4-AA) acceptors and
the reaction products were examined with MALDI-TOF mass spec-
trometry. Each ion species is denoted with its mass ([M+Na]®)
and oligomer composition. The ion species at m/z 954 corresponds
to the X¢-AA acceptor and those at m/z 1086, 1218 and 1350 are
attributed to X,-AA decorated with one Araf [X4(A),-AA], two Araf
[X4(A),-AA] and three Araf [X4(A);-AA], respectively

The finding of four new rice GT61 members as xylan
3-O-arabinosyltransferases suggests that they are also
involved in xylan arabinosylation in rice besides OsXAT2/3.
This proposition is consistent with the observation that
simultaneous mutations of the OsXAT2 and OsXAT3 genes
resulted in only about 30% reduction in the arabinosyl level
in rice cell walls (Chen et al. 2021). The differential expres-
sion of OsXAT genes in different organs (Supplementary
Fig. S3) indicates that different OsXATs are involved in
xylan arabinosylation in different organs. Other grass spe-
cies, such as maize, sorghum, Brachypodium and switch-
grass, also harbor multiple XAT homologs and several of
them were demonstrated to be xylan arabinosyltransferases
in this study. Since genetic alterations of xylan Araf side
chains in rice was shown to increase saccharification effi-
ciency (Sumiyoshi et al. 2013; Chen et al. 2021), our iden-
tification of several XATs in the biofuel crop switchgrass
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Fig.7 Structure analysis of xylanase-released xylooligomers from
xylan of transgenic guxi/2/3 expressing grass XYXTs. a Phyloge-
netic analysis of XYXT homologs from rice (Os), maize (Zm), sor-
ghum (Sb), Brachypodium distachyon (Bd) and switchgrass (Pv).
The phylogenetic tree was constructed using the maximum likeli-
hood method. The bootstrap values from 1000 replicates are shown
as percentages at the nodes and the 0.1 scale denotes 10% change.
b MALDI-TOF mass spectrometry of xylooligomers from gux1/2/3
expressing grass XYXTs. Note the appearance of a new ion species
at m/z 701 ((M+Na]") in the xylooligomers from these transgenic
gux1/2/3 compared with those from guxi/2/3. The ion species at
m/z 761 corresponds to the reducing end pentasaccharide sequence

provides molecular tools for genetic manipulation of xylan
arabinosylation for potential improvement of its biomass
saccharification.

The previously identified GT61 members involved
in grass xylan substitutions reside in clade A, which had
undergone a substantial expansion in grass species (Anders
et al. 2012). It is important to note that among the four
newly identified OsXATs reported in this study, OsXAT7
resides in clade B, which did not exhibit any expansion in
grass species. The finding that a clade B GT61 member is a
xylan 3-O-arabinosyltransferase expands our understanding
of the functional roles of family GT61 members in xylan

of xylan. ¢ 'H NMR spectroscopy of xylooligomers from gux1/2/3
expressing grass XYXTs. The resonance peaks are marked with the
proton positions and the corresponding residue identities. Note the
presence of resonances corresponding to side-chain Xyl residues at
4.64 ppm (highlighted in yellow) in the xylooligomers from gux1/2/3
expressing grass XYXTs compared with those from guxi/2/3. The
resonances attributed to the xylan reducing end sequence are high-
lighted in gray, and those corresponding to the xylan backbone Xyl
residues are highlighted in green. The chemical shifts of a-GalA
exhibited some slight variations due to its acidic nature. HDO, hydro-
gen deuterium oxide

substitutions. It was shown that in Arabidopsis, mutation of
a clade B GT61 member, MUCI21 (mucilage-related 21),
caused a reduction in 2,4-linked Xyl residues in seed muci-
lage and thus it was proposed to be essential for the synthesis
of highly branched xylan in seed mucilage by facilitating
addition of Xyl residues directly onto the xylan backbone
(Voiniciuc et al. 2015). However, its heterologous expression
in the Arabidopsis gux//2/3 mutant did not lead to xylosyl
substitution of the xylan backbone (Zhong et al. 2018b), and
therefore its exact function remains elusive.

Besides the predominant Araf substituents, other minor
ones, such as GlcA/MeGIcA residues, are present in grass

@ Springer
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Fig.8 Two-dimensional NMR analysis of the glycosidic linkages
of xylooligomers from guxI/2/3 expressing XYXTs from maize,
sorghum and Brachypodium. a Diagram of the structure of a xylo-
oligomer from xylan of gux1/2/3 expressing grass XYXTs. The num-
bering of the Xyl residues used for explanation of the NMR data in
b—d is indicated. b—d HSQC (top panels) and HMBC (bottom pan-
els) spectra of xylooligomers from gux1/2/3 expressing ZmXYXT1
(b), SbXYXTI (c) and BAXYXT1 (d). The HSQC spectra display

xylan (Vogel 2008). Rice xylan may also be directly sub-
stituted with Xyl side chains since a rice xylan 2-O-xylo-
syltransferase, OsXYXT1, was shown to be able to transfer
2-0-Xyl residues directly onto the xylan backbone (Zhong
et al. 2018b). Although 2-0-Xyl substituents on the xylan
backbone have not been reported in grasses probably due to
their low abundance, they were found on the backbone of
xylan from the seed mucilage of Plantago ovata (Fischer
et al. 2004). The seed mucilage of Plantago species has been
shown to be predominantly composed of Araf-substituted
xylan and the expression of several members of the GT61
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the one-bond HI-C1 correlations between 'H and *C of each Xyl
and the HMBC spectra show interglycosidic cross peaks between 'H
and "3C. Note the HI-C1 signals of the side-chain Xyl5 at 4.64 ppm
(*H) and 103.6 ppm (**C) (top panels) and the cross-peak signals
between H1 of Xyl5 at 4.64 ppm and C2 of Xyl3 at 80.3 ppm and
those between H2 of Xyl3 at 3.520 ppm and C1 of Xyl5 at 103.6 ppm
(bottom panels)

family is elevated during seed mucilage production (Jensen
et al. 2013; Phan et al. 2016). Our finding that like OsX-
YXT1, XYXT homologs from maize, sorghum, Brachypo-
dium and switchgrass were able to add 2-O-Xyl residues
onto the xylan backbone when heterologously expressed in
the Arabidopsis gux1/2/3 mutant provides additional lines of
evidence suggesting that 2-0-Xyl substitutions on the xylan
backbone may be common in grasses. Further functional
investigation of family GT61 glycosyltransferases will yield
additional new insights into their roles in xylan biosynthesis
in grass species.
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