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Xylan is the second most abundant polysaccharide in

dicot wood, and thus elucidation of the xylan biosynthetic

pathway is required to understand the mechanisms controlling

wood formation. Genetic and chemical studies in Arabidopsis

have implicated three genes, FRAGILE FIBER8 (FRA8),

IRREGULAR XYLEM8 (IRX8) and IRREGULAR

XYLEM9 (IRX9), in the biosynthesis of glucuronoxylan

(GX), but the biochemical functions of the encoded proteins

are not known. In this study, we determined the effect of the

fra8, irx8 and irx9 mutations on the activities of xylan

xylosyltransferase (XylT) and glucuronyltransferase

(GlcAT). We show that microsomes isolated from the stems

of wild-type Arabidopsis exhibit XylT and GlcAT activities in

the presence of exogenous 1,4-linked b-D-xylooligomers.

Xylooligomers ranging in size from two to six can be used

as acceptors by XylT to form xylooligosaccharides with up to

12 xylosyl residues. We provide evidence that the irx9

mutation results in a substantial reduction in XylT activity

but has no discernible effect on GlcAT activity. In contrast,

neither XylT nor GlcAT activity is affected by fra8 and irx8

mutations. Our results provide biochemical evidence that the

irx9 mutation results in a deficiency in xylan XylT activity,

thus leading to a defect in the elongation of the xylan

backbone.

Keywords: Arabidopsis — irregular xylem9 —

Glucuronyltransferase — Xylan — Xylosyltransferase.

Abbreviations: AA, anthranilic acid; Csl, cellulose synthase-
like; DTT, dithiothreitol; fra8, fragile fiber8; GlcA, glucuronic
acid; GlcAT, glucuronyltransferase; GT, glycosyltransferase; GX,
glucuronoxylan; irx8, irregular xylem8; irx9, irregular xylem9;
MALDI-TOF MS, matrix-assisted laser desorption ionization-
time-of-flight-mass spectrometry; MeGlcA, 4-O-methyl-glucuronic
acid; Xyl, xylose; XylT, xylosyltransferase.

Introduction

Wood is of immense importance in human life as it is

used for construction, pulping and paper-making, and has

considerable value as a renewable source of biomass for

biofuel production. Understanding the biosynthetic

pathways that lead to the formation of wood will allow us

to design strategies rationally to produce wood with

improved properties by altering plant secondary cell wall

composition.

Cellulose, xylan and lignin are the major components

of dicot wood. Nevertheless, the biosynthetic pathway

leading to the formation of xylan is poorly understood.

Xylan is composed of a linear backbone of 1,4-linked

b-D-xylosyl residues, of which about 10% are substituted

with a-D-glucuronic acid (GlcA), 4-O-methyl-a-D-glucuro-
nic acid (MeGlcA) and/or arabinose (Ebringerová and

Heinze 2000). Xylans are classified based on the nature of

the side chains: (methyl)glucuronoxylan (GX), arabino-

xylan or glucuronoarabinoxylan. GX is the predominant

xylan present in dicot wood, whereas arabinoxylan and

glucuronoarabinoxylan are the most abundant hemicellu-

loses in grass cell walls (Ebringerová and Heinze 2000).

GXs from birch, spruce and Arabidopsis have been

shown to contain a distinct glycosyl sequence! 4)-

b-D-Xylp-(1! 4)-b-D-Xylp-(1! 3)-a-L-Rhap-(1! 2)-a-D-
GalpA-(1! 4)-D-Xylp at the reducing end (Shimizu et al.

1976, Johansson and Samuelson 1977, Anderson et al. 1983,

Pena et al. 2007). Thus, GX biosynthesis is likely to involve

glycosyltransferases responsible for the formation of the

backbone and the reducing end sequence, as well as

enzymes that add and modify side chains. The isolation

and functional characterization of genes encoding xylan

biosynthetic enzymes is a critical step toward increasing our

understanding of xylan biosynthesis.

Numerous enzyme activities associated with xylan

biosynthesis, including xylosyltransferase (XylT), glucuro-

nosyltransferase (GlcAT), methyltransferase and arabino-

syltransferase, have been described (Dalessandro and

Northcote 1981, Baydoun et al. 1983, Baydoun et al.

1989, Suzuki et al. 1991, Porchia and Scheller 2000,

Kuroyama and Tsumuraya 2001, Gregory et al. 2002,

Porchia et al. 2002, Urahara et al. 2004). Microsomes

isolated from wheat seedlings and barley endosperms

contain XylT activity that adds up to five xylosyl residues

to exogenous xylooligomer acceptors (Kuroyama and

Tsumuraya 2001, Urahara et al. 2004). However, in other

studies, the XylT was reported to transfer xylose to high

*Corresponding author: E-mail, zhye@plantbio.uga.edu; Fax, þ1-706-542-1805.

Plant Cell Physiol. 48(11): 1624–1634 (2007)
doi:10.1093/pcp/pcm135, available online at www.pcp.oxfordjournals.org
� The Author 2007. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists.
All rights reserved. For permissions, please email: journals.permissions@oxfordjournals.org

1624

D
ow

nloaded from
 https://academ

ic.oup.com
/pcp/article/48/11/1624/1911476 by guest on 16 August 2022



molecular weight endogenous acceptors present in the

microsomal preparations (Dalessandro and Northcote

1981, Baydoun et al. 1983, Suzuki et al. 1991, Porchia and

Scheller 2000, Gregory et al. 2002). Gregory et al. (2002)

partially purified a XylT activity-associated 50 kDa poly-

peptide from French bean. However, no secondary wall

xylan biosynthetic enzymes have been purified to homo-

geneity and biochemically characterized, nor have their

corresponding genes been identified.

Recent molecular and genetic studies have provided

strong evidence that three Arabidopsis genes, FRAGILE

FIBER8 (FRA8), IRREGULAR XYLEM8 (IRX8) and

IRX9 (Brown et al. 2005, Persson et al. 2005, Zhong et al.

2005, Bauer et al. 2006, Pena et al. 2007, Persson et al.

2007), as well as their respective poplar homologs,

PoGT47C, PoGT8D and PoGT43B (Aspeborg et al. 2005,

Zhou et al. 2006, Zhou et al. 2007), have roles in secondary

cell wall GX biosynthesis. FRA8, IRX8 and IRX9 encode

putative glycosyltransferases belonging to families GT47,

GT8 and GT43, respectively. These genes are expressed in

cells undergoing secondary wall thickening and their

encoded proteins are localized in the Golgi (Zhong et al.

2005, Pena et al. 2007, Zhou et al. 2006, Zhou et al. 2007),

the known site of GX biosynthesis. Mutations of the FRA8,

IRX8 and IRX9 genes cause a substantial reduction in the

GX content of secondary walls. Structural analysis of

the GX in the fra8 and irx8 mutants revealed a decrease in

the number of GX chains and a decrease in the amount of

GlcA residues, together with the near absence of the GalA-

containing glycosyl sequence at the GX reducing end. These

results suggest that FRA8 and IRX8 are involved in the

biosynthesis of the glycosyl sequence at the reducing end of

GX or in the addition of GlcA side chains. In contrast, the

irx9 mutation leads to an increase in the number of GX

chains, but a substantial reduction in GX chain length as

well as in the number of GlcA side chains. These results

have led to the suggestion that IRX9 is a xylan synthase

(Pena et al. 2007). However, no XylT activity has been

detected using recombinant IRX9 (Pena et al. 2007). Thus,

the possibility cannot be discounted that the shortened GX

chemotype in irx9 may result from a defect in the addition

of side chains, thereby resulting in reduced GX chain

elongation (Pena et al. 2007). Indeed, previous studies

have led to the suggestion that GX biosynthesis requires

the cooperative actions of XylT and GlcAT (Baydoun

et al. 1983).

In this report, we show that microsomes from wild-type

Arabidopsis stems exhibit XylT and GlcAT activities in the

presence of exogenous xylooligomers. We present biochem-

ical data demonstrating that the irx9 mutation results in a

substantial reduction in XylT activity but has no discernible

effect on GlcAT activity. The fra8 and irx8 mutations have

no discernible effects on the activities of XylT and GlcAT.

Our data are consistent with the notion that IRX9 is the

XylT that is responsible for the normal elongation of the

GX backbone. This is the first report showing a deficiency

of a xylan biosynthetic enzyme in mutants defective in xylan

biosynthesis.

Results

Biochemical properties of XylT activity in microsomes of

wild-type stems

To investigate the effects of the fra8, irx8 and irx9

mutations on XylT and GlcAT activities, we first estab-

lished conditions for the assay of these enzymes and for

studying their biochemical properties. We found XylT

activity in microsome preparations from wild-type

Arabidopsis inflorescence stems in which a large amount

of xylan is synthesized. XylT activity was dependent on

the presence of exogenous Xyl6. No XylT activity was

detected without the addition of exogenous acceptors.

The transfer of radiolabeled Xyl from UDP-[14C]Xyl to

Xyl6 was dependent on the Xyl6 concentration (Fig. 1A)

with an apparent Km value of 10.6mM and Vmax of

21.8 pmolmin�1mg�1 protein. The XylT activity was both

time and protein concentration dependent (Fig. 1B, C). The

optimal pH for the XylT activity was around 6.5 (Fig. 1D)

and its optimal temperature about 10–208C (Fig. 1E).

UDP-GlcA stimulated the XylT activity up to 30%

(Fig. 1F), probably because the addition of GlcA side

chains by the GlcAT activity may increase the solubility of

the elongated xylooligomers, which could further be used as

acceptors for the XylT activity.

It has been shown that microsomes isolated from wheat

and barley can use xylooligomers with different lengths as

acceptors (Kuroyama and Tsumuraya 2001, Urahara et al.

2004). We next investigated the effectiveness of xylooligo-

mers with different lengths as acceptors for the XylT

activity (Fig. 2). The monomer Xyl1- anthranilic acid (AA)

was not an acceptor for Xyl transfer (Fig. 2B). A low level

of Xyl transfer was obtained using Xyl2-AA as an acceptor

(Fig. 2C). The XylT activity readily transferred Xyl residues

to acceptors ranging from Xyl3 to Xyl6 (Fig. 2D, F, G, H),

resulting in the synthesis of xylooligosaccharides with a size

up to Xyl12.

To find out whether a longer reaction time can lead to

the production of longer xylooligosaccharides by the

XylTase activity, we performed a time course study using

Xyl4-AA as acceptors. Up to seven xylosyl residues were

added to Xyl4-AA with a 2 h incubation, leading to the

production of a population of xylooligosaccharides ranging

from Xyl5 to Xyl11 (Fig. 3A). Prolonged incubation (5–8 h)

did not result in the formation of xylooligosaccharides

longer than Xyl12 but did cause a gradual increase in the

proportions of Xyl9–Xyl11 (Fig. 3A–C).
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We used enzymatic treatment and matrix-assisted laser

desorption ionization-time-of-flight-mass spectrometry

(MALDI-TOF-MS) analyses to confirm that the reaction

products formed by reacting Xyl4-AA and UDP-Xyl with

microsomes were 1,4-linked b-D-xylooligosacchrides.
MALDI-TOF-MS gave masses (m/z 822, 954, 1,086,

1,218, 1,350, 1,482 and 1,614) for products that differed

by 132Da (Fig. 4). A series of oligosaccharides that differ

by an incremental mass of 132 is consistent with the

sequential addition of pentosyl residues to Xyl4-AA (Fig. 4).

Endo-b-(1,4)-xylanase and exo-b-(1,4)-xylosidase treatment

of the XylT-generated products resulted in hydrolysis of the

Xyln-AA oligomers to di- or tri-xylooligomer (Fig. 5). These

results confirm that the XylT-generated products were

composed of 1,4-linked b-D-xylosyl residues.

Biochemical properties of GlcAT activity in microsomes of

wild-type stems

We found that microsomes isolated from Arabidopsis

inflorescence stems also exhibited GlcAT activity in the

presence of an exogenous 1,4-b-D-xylohexose (Xyl6). The

transfer of radiolabeled GlcA from UDP-[14C]GlcA to Xyl6
was shown to be dependent on the Xyl6 concentration

(Fig. 6A), with an apparent Km value of 10.8mM and Vmax

of 114.6 pmolmin�1mg�1 protein. The GlcATase activity

was time and protein concentration dependent (Fig. 6B, C).

The optimal pH for GlcAT activity was about 6.5 (Fig. 6D),

with substantial activity over a temperature range of

10–378C (Fig. 6E). Addition of UDP-Xyl in the reaction

mixture did not stimulate GlcAT activity; instead high

concentrations (0.5–5mM) of UDP-Xyl inhibited its

activity (Fig. 6F).

GlcAT and XylT activities in the fra8, irx8 and irx9 mutants

We next investigated the effects of the fra8, irx8 and

irx9 mutations on XylT and GlcAT activities. Inflorescence

stems were again used to determine the relative enzyme

activities in wild-type and mutant plants as these tissues

have the highest XylT and GlcAT activities (Fig. 7).

Because FRA8, IRX8 and IRX9 proteins were previously

shown to be targeted to the Golgi (Zhong et al. 2005, Pena

et al. 2007) and the microsomes we prepared were enriched

with the activity of inosine diphosphatase (Lait and

Zwiazek 2001), a Golgi marker enzyme (data not shown),

we reasoned that FRA8, IRX8 and IRX9 proteins were

present in microsome preparations and therefore it was

appropriate to use microsomal preparations to study the

effects of the fra8, irx8 and irx9 mutations on XylT and

GlcAT activities. GlcAT activity was somewhat elevated in

the microsomal preparations of the three mutants compared

with the wild type (Fig. 8A). XylT activity was also elevated

in the fra8 and irx8 mutants. The elevation of the GlcAT

and XylT activities could be due to a compensatory effect

caused by the mutations. However, XylT activity was

substantially reduced in the irx9 mutant compared with the

wild type (Fig. 8B). A time course analysis of the transfer of

radiolabeled xylosyl residues from UDP-[14C]Xyl onto the

xylooligomer acceptor demonstrated that much less label

was incorporated by irx9 microsomes than by wild-type

microsomes (Fig. 8C), a result that is consistent with IRX9

being involved with xylan synthesis. XylT activity in irx9

plants was returned to near-normal levels by complementa-

tion of the mutant with the wild-type IRX9 gene or its

poplar homolog, the PoGT47B gene (Fig. 8D). Taken

together, these results provide strong evidence that IRX9
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Fig. 1 Biochemical properties of the XylT activity in microsomes
from Arabidopsis stems. Microsomes were incubated with
UDP-[14C]Xyl and Xyl6 for 20min unless otherwise indicated,
and the XylT activity was measured by counting the radioactivity
(c.p.m.) present in the reaction products. All assays were repeated
twice and the data are means� SE. (A) Dependence of the XylT
activity on the concentration of Xyl6 acceptor. (B) Time course of
the transfer of radiolabeled Xyl onto the Xyl6 acceptor by the XylT
activity. Note that the XylT activity is linear in the first 40min and
reached a maximum after 100min incubation under the assay
conditions used. (C) The XylT activity is protein concentration-
dependent. (D) Effect of pH on the XylT activity. (E) Effect of
temperature on the XylT activity. (F) Effect of UDP-GlcA on the
XylT activity.
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has a role in the synthesis of the xylan backbone of

secondary wall GX.

To investigate in greater detail the effect of the irx9

mutation on the elongation of xylooligosaccharides, we

compared the number of xylosyl residues added onto the

Xyl6-AA acceptor by wild-type and irx9 microsomes. With

wild-type microsomes, Xyl6-AA was elongated within 2 h to

a mixture of xylooligosaccharides ranging from Xyl7-AA

to Xyl12-AA, with Xyl7-AA to Xyl9-AA predominating

(Fig. 9A). After 5 h of reaction time, the peaks of Xyl10-AA

to Xyl12-AA were elevated, whereas those of Xyl6-AA to

Xyl8-AA were diminished (Fig. 9B). In contrast, in the

irx9 mutant, Xyl6-AA was only elongated to a mixture of

Xyl7-AA to Xyl9-AA, and, even after 5 h of reaction time

Xyl7-AA remained the predominant peak (Fig. 9C, D).

These results indicate that the irx9 mutation reduces the

XylT activity, thereby causing a substantial decrease in the

transfer of xylosyl residues onto the xylooligomers.

Discussion

It was previously proposed that cellulose synthase-like

(Csl) genes might encode enzymes for the biosynthesis of

hemicelluloses (Richmond and Somerville 2001). Indeed,

members of Csl gene families CslC, CslA and CslF have

been shown to synthesize the backbones of xyloglucan

(Cocuron et al. 2007), glucomannan (Dhugga et al. 2004,

Liepman et al. 2005), and (1,3;1,4)-b-D-glucan (Burton et al.

2006), respectively. However, gene(s) involved in the
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biosynthesis of the xylan backbone have remained elusive

(Lerouxel et al. 2006). No recombinant Csl proteins have

been shown to have XylT activity (Liepman et al. 2005),

nor has transcription profiling analysis revealed correlations

between xylan biosynthesis and the expression of Csl genes,

with the exception of CslA, during wood formation

(Aspeborg et al. 2005). Our demonstration that IRX9 is

required for normal XylT activity as well as normal

elongation of xylan chains provides the first biochemical

evidence that a glycosyltransferase other than a Csl protein

is involved in the biosynthesis of the xylan backbone.

The irx9 mutation causes a deficiency in the transfer of

xylosyl residues onto xylooligomer acceptors

The irx9 mutation causes a number of changes in GX

structure, including a decreased ratio of GlcA to MeGlcA

residues, an increased number of GX chains and a

substantial reduction in GX chain length (Pena et al.

2007). The findings that the GX chain number increases and

its length decreases in the irx9 mutant suggest that the

primary effect of the irx9 mutation may be on the

elongation of GX chains rather than on the initiation of

GX biosynthesis. However, the irx9mutation also decreases
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Fig. 6 Biochemical properties of the GlcAT activity in micro-
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and the GlcAT activity was measured by counting the radioactivity
(c.p.m.) of the reaction products. All assays were repeated twice
and the data are means� SE. (A) Dependence of the GlcAT activity
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activity. Note that the GlcAT activity is linear in the first 30min and
reached a maximum after 80min incubation under the assay
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were incubated with UDP-Xyl and the fluorescent Xyl4-AA
acceptor, and the reaction products were digested with endo-
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the ratio of GlcA to MeGlcA residues on the GX. Thus, it is

equally possible that IRX9 is involved in the transfer of

GlcA residues on the GX, and that a defect in GlcA transfer

may itself lead to an attenuation of GX chain elongation

(Pena et al. 2007). Our biochemical data showed that the

irx9 mutation has no discernible effect on GlcAT activity,

thereby limiting the possibility that IRX9 is required for

GlcAT activity. Instead, our study demonstrated that the

irx9 mutation causes a reduction in XylT activity. The

decreased XylT activity in the irx9 mutant results in a

reduced ability to transfer xylosyl residues onto xylooligo-

mer acceptors, leading to the formation of much shorter

xylooligosaccharides than wild-type plants (Fig. 9). This

finding is consistent with the chemical analysis showing that

the degree of polymerization of GX is reduced from 93 in

the wild type to 28 in the irx9 mutant (Pena et al. 2007).

Thus, our study provides compelling evidence that the

decreased GX chain length caused by the irx9 mutation is

due to a deficiency in XylT activity.

It is important to note that the irx9 mutation does not

completely eliminate the XylT activity. Because the T-DNA

insertion (SALK_058238) in the irx9 mutant disrupts an

IRX9 exon that encodes part of the putative catalytic

domain, irx9 is presumably a null mutant. Therefore, the

low level of XylT activity remaining in the irx9 mutant is

probably contributed by its functional homolog(s), which

may also result in a limited elongation of xylan backbone.

The fra8 and irx8 mutations do not affect GlcAT and XylT

activities

A previous study demonstrated that fra8 and irx8

mutants synthesize GX that is nearly devoid of the

reducing end glycosyl sequence! 4)-b-D-Xylp-(1! 4)-b-D-
Xylp-(1! 3)-a-L-Rhap-(1! 2)-a-D-GalpA-(1! 4)-D-Xylp,

indicating that FRA8 and IRX8 are involved in the

biosynthesis of this sequence. However, the fra8 and irx8

mutations also cause a reduction in both the number of GX

chains and the ratio of GlcA to MeGlcA residues in the GX

(Zhong et al. 2005, Pena et al. 2007, Persson et al. 2007).

Therefore, the results of genetic and chemical analyses do

not exclude the possibility that FRA8 and IRX8 are

involved in the transfer of GlcA residues onto the xylan

backbone. Our biochemical data provide evidence that the

fra8 and irx8 mutations do not result in a reduction in XylT

or GlcAT activities, which suggests that FRA8 and IRX8

have no direct roles in the transfer of GlcA residues onto the

xylan backbone or in the elongation of the xylan backbone

by addition of xylosyl residues. The results of our study

support the proposal that the FRA8 and IRX8 glycosyl-

transferases are involved in the biosynthesis of the glycosyl

sequence at the GX reducing end (Pena et al., 2007).

The XylT and GlcAT activities in Arabidopsis microsomes

require exogenous xylooligomers as acceptors

Xylan XylT activities have been identified in sycamore,

poplar, pea, wheat, barley, zinnia and French bean

(Dalessandro and Northcote 1981, Baydoun et al. 1983,

Suzuki et al. 1991, Porchia and Scheller 2000, Kuroyama

and Tsumuraya 2001, Gregory et al. 2002). In most cases,

the XylT activity was detected without the addition of

exogenous acceptors, suggesting that these XylTs use

microsome-associated endogenous acceptors or that these

enzymes do not require an acceptor. Indeed, a detergent-

solubilized, and partially purified XylT fraction has been

reported to have XylT activity in the absence of exogenous

acceptors (Gregory et al. 2002). However, exogenous

xylooligomer acceptors are required for XylT activities in

the microsomes of asparagus (Feingold et al. 1959), wheat

(Kuroyama and Tsumuraya 2001) and barley (Urahara

et al. 2004). It is not known whether the discrepancy
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Fig. 7 The XylT and GlcAT activities in different Arabidopsis
organs. Microsomes isolated from stems, seedlings, roots and
leaves were incubated with Xyl6 and UDP-[14C]Xyl or UDP-
[14C]GIcA for 20min, and the XylT and GIcAT activity was
measured by counting the radioactivity (c.p.m.) of the reaction
products. All assays were repeated twice and the data are
means� SE. The middle and bottom parts of stems exhibited the
highest XylT and GlcAT activities.
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regarding the requirement for exogenous acceptors is due to

the difference in microsome preparations or the nature of

XylTs from different species. In any case, it is clear that with

Arabidopsis microsomes, exogenous xylooligomers are

required for the XylT activity and that a xylooligomer as

short as xylotriose or xylotetraose is sufficient to be an

acceptor for the transfer of xylosyl residues.

The GlcAT activity in the Arabidopsis microsomes was

also found to require exogenous xylooligomers as an

acceptor, suggesting the presence of a GlcAT that transfers

GlcA onto pre-formed xylooligomers. No GlcA was

transferred in the absence of an exogenous xylooligomer

acceptor, indicating that the microsome preparations

contain little if any endogenous acceptors for GlcAT. The

addition of exogenous UDP-Xyl to the reaction mixture did

not increase the amount of GlcA incorporated. Because the

Xyl6 acceptor used is elongated to Xyl12 by the XylT

activity, this indicates that no additional GlcA residues are

transferred to the elongated xylooligomers by the GlcAT

activity. This is consistent with the reported normal

distribution of GlcA residues along the xylan backbone,

which is typically about one GlcA residue for every 10

xylosyl residues (Ebringerová and Heinze 2000). Our

finding that the GlcAT activity can transfer GlcA onto

pre-formed xylooligomers is in contrast to the previous

report showing that pea epicotyl microsomes can only add

GlcA onto nascent xylan but not onto pre-formed xylan

(Baydoun et al. 1989). This discrepancy may be due to our

use of xylooligomers rather than newly synthesized xylan

polysaccharides as acceptors.

In summary, our study demonstrates that IRX9 is

required for the normal XylT activity. Previous attempts to

demonstrate XylT activity using recombinant IRX9 protein

have been unsuccessful (Pena et al. 2007). Thus, it is

essential to design strategies to characterize IRX9 further

biochemically. A complete description of the biochemical

properties of IRX9 together with IRX8, FRA8 and other

yet to be identified proteins involved in xylan biosynthesis

will undoubtedly lead to a better understanding of the

biosynthetic pathway of xylan, the second most abundant

polysaccharide produced by woody plants.

Materials and Methods

Plant materials

Wild-type Arabidopsis (ecotype Columbia), fra8 (Zhong et al.,
2005), irx8 (SALK_008642), irx9 (SALK_058238), irx9-
complemented with wild-type IRX9 (Pena et al. 2007) and
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Fig. 8 The XylT and GlcAT activities in the stems of wild type,
irx9, irx8 and fra8. Microsomes isolated from the wild type and
mutants were incubated with Xyl6 and UDP-[14C]GlcA or
UDP-[14C]Xyl for 20min unless otherwise indicated, and the
GlcAT and XylT activities were measured by counting the
radioactivity (c.p.m.) of the reaction products. All assays were
repeated twice and the data are means� SE. (A) GlcAT activity in
the irx9, irx8 and fra8 mutants compared with the wild type.
(B) XylT activity in the irx9, irx8 and fra8 mutants compared with

the wild type. Note that the XylT activity was drastically reduced in
the irx9 mutant but slightly increased in the irx8 and fra8 mutants.
(C) Time course of the XylT activity in the wild type and the irx9
mutant. The XylT activity in irx9 remained low even after 2 h
incubation. (D) Complementation of irx9 with the Arabidopsis IRX9
or its poplar homolog PoGT43B restored the XylT activity.
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irx9-compelemented with PoGT43B (Zhou et al. 2007) plants were
grown in a greenhouse. Inflorescence stems, roots and leaves used
for microsome isolation were collected from 6-week-old plants, and
seedlings used for microsome isolation were 2 weeks old.

Enzymes and chemicals

Endo-b-xylanase M6 and xylooligomers (Xyl2–Xyl6) were
purchased from Megazyme (Wicklow, Ireland). Xylose, UDP-
GlcA, anthranilic acid and b-xylosidase were from Sigma
(St Louis, MO, USA). UDP-Xyl was from CarboSource Service
(Athens, GA, USA; supported in part by NSF-RCN grant
#0090281). UDP-[14C]Xyl (specific activity, 264mCimmol�1) and
UDP-[14C]GlcA (specific activity, 300mCimmol�1) were from
American Radiolabeled Chemical (St Louis, MO, USA).
Toyopearl HW-40 was from Tosoh Bioscience (Montgomeryville,
PA, USA).

Anthranilic acid labeling of xylooligomers

Xylose and xylooligomers (Xyl2–Xyl6) were labeled at their
reducing termini with AA according to Ishii et al. (2002). Briefly,

oligosaccharides were reacted for 2 h at 658C with 0.2M AA in
20mM sodium acetate, pH 5.5, containing 1M NaBH3CN. The
reaction was terminated by the addition of 10mM ammonium
acetate (pH 7.0), and the AA-labeled oligosaccharides were
separated from AA and NaBH3CN by chromatography on a
column (1.5� 100 cm) of Toyopearl HW-40F and eluted with
10mM ammonium acetate (pH 7.0). The A254 nm of the eluant
was monitored and the UV-positive fractions containing the
AA-labeled xylose, and xylooligomers were pooled and
lyophilized.

Assay of GlcAT and XylT activities by radiolabeling

Microsomes were isolated and the GlcAT and XylT activities
were determined following the procedures of Kuroyama and
Tsumuraya (2001). Briefly, plant materials were homogenized
with a mortar and pestle in grinding solution (50mM HEPES-
NaOH, pH 7.3, 0.4M sucrose, 10 mgml�1 aprotinin and
10mgml�1 leupeptin). After centrifugation at 3,000� g for 15min
to remove debris, the supernatant was further centrifuged at
100,000� g for 1 h. The pellets containing the microsomes were
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re-suspended in the buffer containing 50mM HEPES-NaOH
(pH 7.3) and 0.4M sucrose, and stored at �808C. The protein
concentration of the microsomal fraction was measured using the
BioRad protein assay kit with bovine serum albumin (BSA) as the
standard protein.

For assay of GlcAT activity, 100 mg of microsomes were
incubated with the reaction mixture (a total volume of 30 ml)
containing 50mM HEPES-KOH, pH 6.8, 5mM MnCl2, 1mM
dithiothritol (DTT), 0.5% Triton X-100, 0.2 mg ml�1 Xyl6 and
UDP-[14C]GlcA (0.1 mCi). After incubation at 218C for various
times, the reaction was stopped by addition of the termination
solution (0.3M acetic acid containing 20mM EGTA).

For assay of XylT activity, 100 mg of microsomes were
incubated with the reaction mixture (a total volume of 30 ml)
containing 50mM HEPES-KOH, pH 6.8, 5mM MnCl2, 1mM
DTT, 0.5% Triton X-100, 0.1mM cold UDP-Xyl, 0.2 mg ml�1 Xyl6
and UDP-[14C]Xyl (0.1 mCi). After incubation at 218C for various
times, the reaction was stopped by addition of the termination
solution.

The radiolabeled xylooligosaccharides were separated from
UDP-[14C]Xyl by paper chromatography according to Ishikawa
et al. (2000). The terminated reaction mixture was spotted onto a
strip of Whatmann 3MM paper and developed with 95%
ethanol : 1M ammonium acetate (2 : 1, v/v) as the solvent. The
radiolabeled xylooligosaccharides are retained at the original spot,
whereas UDP-[14C]Xyl moved along with the solvent. The spot
containing the radiolabeled xylooligosaccharides was cut out,
sonicated in 0.1N NaOH, and the amount of radioactivity present
was determined with a PerkinElmer scintillation counter
(Waltham, MA, USA).

The activity of inosine diphosphatase in microsomes was
determined according to Lait and Zwiazek (2001).

Assay of XylT activity using Xyln-AA as acceptors and HPLC
analysis of Xyln-AA

Assay of XylT activity with Xyln-AA acceptors was
determined in a reaction mixture (a total volume of 30 ml)
containing 50mM HEPES-KOH, pH 6.8, 5mM MnCl2, 1mM
DTT, 0.5% Triton X-100, 0.1mM cold UDP-Xyl, 0.5mM Xyln-
AA and 200 mg of microsomes. After incubation at 218C for
various times, the reaction was terminated with 0.1M acetic acid,
and filtered with an Amicon Ultrafree-MC filter (0.22 mm). The
products formed were analyzed by reversed-phase HPLC analysis.
HPLC was performed with an Agilent 1100 series LC system and a
Shimadzu RF-10AXL fluorescence detector (Ex320nm, Em420 nm).
The incorporated Xyln-AA products were separated using a Luna
C18 (5 mm) column (250mm long, 4.6mm i.d.). The column was
eluted at 0.5mlmin�1 with aqueous 80% methanol containing
0.02% (v/v) trifluoroacetic acid (0–5min) followed by a gradient to
100% methanol over 45min.

Treatment of xylooligosaccharides with b-xylanase and b-xylosidase
The XylT activity reaction using Xyln-AA acceptors as

described above was terminated by heating at 1008C for 3min.
The reaction mixture (a total volume of 30ml) was centrifuged at
12,000� g for 5min and the supernatant was saved for treatment
with b-xylanase and b-xylosidase. The supernatant (10 ml) was
mixed with 50mM sodium acetate, pH 6.0 (30 ml) containing
b-xylanase (4.5U) or b-xylosidase (0.005U), and incubated for 6 h
at 378C. The reaction was terminated with 0.1M acetic acid, and
subjected to reverse-phase HPLC analysis.

MALDI-TOF-MS

The AA-labeled xylooligosaccharides from the XylT-
catalyzed reactions were analyzed by MALDI-TOF-MS using a
Hewlett-Packard LDI 1700 XP spectrometer operated in the
positive-ion mode with an accelerating voltage of 30 kV, an
extractor voltage of 9 kV and a source pressure of approximately
8� 10�7 torr. The enzyme reaction mixture was mixed with an
equal volume of water (200 ml) and then applied to a Strata C-18
solid phase extraction cartridge (3ml, Phenomenex) that had been
pre-washed with methanol and then with water. The cartridge was
eluted with water (5ml) and then with 60% methanol (5ml) to
elute the Xyln-AA oligomers. The solution was concentrated to
dryness under a flow of air, and the residue dissolved in water
(100 ml). A portion (1ml) of the solution was mixed with the
MALDI matrix (1ml, 0.1M 2,5-dihydroxbenzoic acid and 0.03M
1-hydroxyisoquinoline in 50% acetonitrile) and dried on the
stainless steel target plate. Spectra are the average of at least 100
laser shots.
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