
Plant Physiol. (1989) 91, 242-248
0032-0889/89/91 /0242/07/$01 .00/0

Received for publication December 9, 1988
and in revised form April 25, 1989

Enzymic Analysis of Feruloylated Arabinoxylans (Feraxan)
Derived from Zea mays Cell Walls1

II. Fractionation and Partial Characterization of Feraxan Fragments Dissociated by a
Bacillus subtilis Enzyme (Feraxanase)

Kazuhiko Nishitani2 and Donald J. Nevins*
Department of Vegetable Crops, University of California, Davis, California 95616

ABSTRACT

Structural features of feruloylated arabinoxylan (feraxan) pre-
sent in Zea mays L. (hybrid B 73 x Mo 17) coleoptile cell walls
have been studied using a purified feraxan-dissociating enzyme
(feraxanase) and an a-arabinofuranosidase. This experimental
approach has demonstrated the following. (a) Feraxanase dis-
sociated ca. 20% (dry weight basis) of the maize wall preparation.
The predominant oligosaccharides enzymically liberated were
allocated into seven major subfractions designated A-1 (0.8%),
B-1 (1.6%), B-2 (2.4%), B-3 (4.6%), C-1 (1.0%), C-2 (4.2%), and
C-3 (0.3%). Values in parentheses reflect the percentage of the
wall associated with each subfraction. Subfractions represent
samples enriched in different degrees of polymerization, sugar
composition, linkage arrangements, and phenolic acid content.
(b) B-1, B-2, and B-3 fractions are not feruloylated and have
smaller molecular mass (less than 10" kilodaltons) and consist
chiefly of t-arabinosyl-5-arabinosyl, 4-xylosyl, 2,4/3,4-xylosyl,
and glucuronosyl residues, suggesting that these fragments con-
stitute nonferuloylated regions of arabinoxylan. (c) C-2 and C-3
fractions contain ferulic acid (6.2% and 12.1%, respectively) and
are similar to the B series in their sugar linkage arrangements
but were derived from feruloylated regions. (d) Alkali treatment
of the C-2 fraction decreases the molecular size of the fragment
and liberates phenolic acids. The results suggest the presence
of alkaline-labile links, probably diferulate bridges. (e) A-1 and
C-1 fractions are larger (more than 5 x I0W kilodalton) and contain
t-galactosyl-, 4-galactosyl, 2,4-rhamnosyl-residues, galacturonic
acid, and the sugar linkage arrangements common to other frac-
tions. The A-1 fraction is not feruloylated, whereas C-1 fraction
contains 0.5% ferulic acid. The presence of galactose, rhamnose,
and galacturonic acid suggests that pectic polymers, probably
homopolygalacturonans and rhamnogalacturonans, are linked to
nonferuloylated and feruloylated segments of arabinoxylans.

A resolution of the structure of feraxan3 in cereal cell walls
would facilitate an interpretation of the roles served by these
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polymers (4, 9, 11, 20). However, due to the lack of suitable
enzymes capable of specifically dissociating feraxan compo-
nents from cell walls (18), many structural features of the
undenatured polymer remain unclear (14, 16, 17).

Previously we described purification and partial character-
ization of Bacillus subtilis hydrolases (feraxanases) capable of
specifically dissociating most of the feraxan from maize cell
walls. As a part of those studies we evaluated the potential
value of these enzymes in the structural analysis of feraxans
(18). The fractionation and characterization of feraxan frag-
ments dissociated from maize coleoptile cell wall preparations
by the purified enzyme reveals additional structural details.
To assist in this effort, we also purified an a-arabinofuranos-
idase from a B. subtilis preparation and used that enzyme for
degradation of specific fragments. This paper describes the
strategy employed and evaluates the results as an avenue for
resolving the structure of feraxan components in maize co-
leoptile cell walls.

MATERIALS AND METHODS

Preparation of Maize Cell Walls

Fresh coleoptiles excised from maize (Zea mays L. hybrid
B 73 x Mo 17) seedlings grown in darkness at 25°( for 5 d
were boiled in 80% aqueous ethanol for 10 min. The treated
coleoptiles were washed with ethanol and homogenized with
a Polytron probe in 95% ethanol. The homogenate was fil-
tered through a Teflon mesh (pore size 74 jAm) and washed
sequentially with ethanol, acetone, a methanol-chloroform
mixture (1/1, v/v) and finally with ethanol. The washed
residue was treated sequentially with 3 M LiCl followed by a-
amylase. The residue was dried to obtain a coleoptile cell wall
preparation described previously ( 18).

Preparation of Feraxanse

A feraxanase (enzyme preparation E in ref. 18) was purified
from a B. subtilis enzyme preparation (Novo Ban L-120)
according to the procedure described.

Preparation of a-Arabinofuranosidase

An a-arabinofuranosidase was purified from a B. subtilis
preparation employing p-nitrophenyl-a-arabinofuranoside as
a substrate. Novo Ban L-120 (400 ml) was dialyzed and
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concentrated to 200 mL (enzyme preparation 1, 2.28 g). The
protein was fractionated by ammonium sulfate precipitation
(40-60% saturation according to the procedure described
(enzyme preparation 2, 713 mg)) (18).
Enzyme preparation 2 in 100 mL of Na-phosphate buffer

solution, was applied to a column of DEAE-Sephacel (65 mm
x 80 mm) preequilibrated with 10 mm Na-phosphate buffer.
The column was eluted with 200 mL of the same buffer
followed by a linear gradient comprised of NaCl (0-0.4 M).
Fractions (20 mL) were collected and assayed for a-arabino-
furanosidase activity. The active fraction (tubes 93-114) was
concentrated (fraction 3, 19.6 mg). Fraction 3, in 1.7 mL of
10 mm Na-phosphate with 0.2 M NaCl (pH 6.3), was chro-
matographed on Bio-Gel A-i.5m (1.5 x 80 cm) preequili-
brated with a 10 mm Na-phosphate buffer solution containing
0.2 M NaCl (pH 6.3). The enzyme was eluted with the same
buffer. Fractions (1.5 mL) were collected and assayed for
enzyme activity. The active fractions (tubes 50-59) were
combined and concentrated (fraction 4, 1.2 mg).
The a-arabinosidase used in subsequent experiments dis-

played optimum activity at pH 7.0 (35°C). The molecular
mass was estimated to be 57 kD upon SDS-PAGE (10% gel).
The Km value for hydrolysis of p-nitrophenyl-a-arabinofur-
anoside was 0.25 mm in 20 mm Na-phosphate buffer (pH 7.0)
at 35C. A similar enzyme activity was reported by Weinstein
and Albersheim (24).

Digestion of Maize Coleoptile Cell Walls with Purified
Feraxanse

One g of dry cell walls derived from maize coleoptiles was
suspended in 100 mL of20 mm Na-phosphate buffer solution
(pH 6.8) containing 20 Mg feraxanase and 0.05% sodium azide
at 37T C for 48 h. The enzyme reaction was terminated by
heating at 90°C for 5 min followed by centrifugation. A
portion of the supernatant, containing cell wall fragments
dissociated by the enzyme, was assayed for sugar and ferulic
acid and the remainder was used for further analysis.

Separation of Enzyme Digest by Sep-Pak C1J Cartridges
One mL of the enzyme digest (containing <2 mg sugar)

was adjusted to pH 3.2 by addition of 30 Ml of acetic acid and
applied to a Sep-Pak C18 cartridge previously washed with 15
ml of ethanol, then 20 ml of water followed by 10 ml of a
0.05% acetic acid solution (pH 3.2). Material retained by the
cartridge was eluted successively with 10 ml of water contain-
ing 0.05% acetic acid (fraction A), 5 ml of 10% aqueous
ethanol solution containing 0.05% acetic acid (fraction B)
and 5 ml of 60% aqueous ethanol solution containing 0.05%
acetic acid (fraction C). This procedure was repeated with
new cartridges until adequate quantities of the various frac-
tions were obtained.

Fractions A, B, and C were separately combined and neu-
tralized by addition of 1 M sodium acetate solution. Portions
of each fraction were assayed for sugar composition and FA
content and additional subsamples were concentrated and
subjected to gel chromatography.

Gel Chromatography
Fraction A (ca. 10 mg) and C (ca. 20 mg) were separately

applied to a Bio-Gel A-0.5m (200-400 mesh) column (1.7 x

83 cm) which had been equilibrated with 50 mM Na-acetate
buffer solution (pH 5.4) and eluted with the same buffer
solution. Fractions (2 ml) were collected and assayed for the
total carbohydrate content.

Fraction B (ca. 20 mg) was applied to a Bio-Gel P-10 (200-
400 mesh) column (1.5 x 83 cm) which had been equilibrated
with a 50 mm Na-acetate buffer solution (pH 5.4) and eluted
with the same solution. Fractions (1.5 mL) were collected and
assayed for the total carbohydrate content.

a-Arabinofuranosidase Treatment of Fractions B-1, -2, -3,
and C-2

Two mg each of fractions B- 1, -2, -3, and C-2 were dissolved
in 0.6 mL of 20 mm Na-phosphate buffer solution (pH 6.8)
containing 50 Mg of the purified a-arabinofuranosidase, and
0.05% sodium azide and then incubated at 38°C for 90 h.
After the reaction was stopped by heating the reaction mix-
tures in boiling water for 5 min, the products were applied to
a Bio-Gel P-2 column followed by filtration through the
column with water to separate monomers from oligomers.
Sugar compositions and glycosidic linkage arrangements of
these fractions were determined.

Alkali Treatment of Feruloylated Fractions

Fraction C-2 (21 mg) was dissolved in 1 mL of 0.05 M
NaOH solution and maintained under nitrogen at 25°C for
10 h. Saponification was terminated by acidification (pH 3.0)
of the reaction mixture by addition of glacial acetic acid. The
acidified solution was applied to a Sep-Pak C18 cartridge
prewashed with ethanol and preequilibrated with water con-
taining 0.05% acetic acid. Carbohydrate containing fractions
were eluted with 10 ml of water containing 0.05% acetic acid
and free phenolic acids were eluted with 10 ml of90% ethanol
solution. The carbohydrate containing fraction was neu-
tralized by addition of 1 M sodium acetate solution and
concentrated.

Phenolic Acid Analysis

Phenolic acids, those linked to the cell wall preparations,
and those in the feraxanase digest were saponified by 0.5 M
NaOH solution then purified by applying the digest to a Sep-
Pak C18 cartridge. Determination of individual phenolic acid
content was carried out on a Biosil ODS-5S column (4 x 250
mm) according to the procedure described elsewhere (18).

Carbohydrate Analyses

Total carbohydrate andUA were determined by the phenol-
sulfuric acid method (8) and the method of Blumenkrantz
and Asboe-Hansen (2), respectively. Neutral sugar composi-
tions were determined by a GLC equipped with an SP 2330
glass WCOT capillary column as described previously (18).
UA compositions were determined by reducing the uronosyl
carboxyl groups by carbodiimide (1) followed by the analysis
of neutral sugar composition in the reduced product (18).

Methylation was carried out by the method of Hakomori
(10) with modification (18, 23), and the products were hydro-
lyzed, converted into the corresponding alditol acetates and
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Table 1. Sugar and Phenolic Acid Composition of Fractions A, B, and C Obtained by Feraxanase
Treatment of Maize Cell Walls

Sugar and Phenolic Acid Compositionb
Fractiona Yield

Rha Fuc Ara Xyl Gal GIc UA FA

mg mg

A 10.3 0.9 0 2.0 2.0 3.0 0 2.4 0
B 115 0.5 0 44.4 53.8 1.0 1.4 13.7 0
C 71.8 1.3 0.5 26.3 31.6 7.7 1.2 3.2 4.4

a Fractions were resolved by Sep-Pak C18 cartridges. b Neutral sugar composition was determined
by GLC analysis of alditol acetates after 2 N TFA hydrolysis. UA content was determined by the
procedure of Blumenkrantz. FA content was determined by a HPLC analysis after alkaline saponification.

Cell wall preparation of 5-day-old maize coleoptiles CEl g

i digestion with a purified feraxanase (from B. subtilis)

filtratioh
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Figure 1. Fractionation of cell wall fragments dissociated from 1 g
of maize coleoptile cell walls by the action of feraxanase. The values
in brackets and parentheses indicate the total yields and total phe-
nolics in each fraction, respectively.
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Figure 2. Molecular size distribution of fraction A. Fraction A (10.3
mg) was applied to a Bio-Gel A-0.5m column (1.7 x 83 cm) which
had been preequilibrated with 50 mm Na-acetate buffer solution (pH
5.4). The column was eluted with the same buffer. Fractions (2 mL)
were collected and assayed for total carbohydrate content. Tubes
(34-41) were combined and concentrated to obtain Al fraction.

analyzed by GLC on a DB 225 fused silica capillary column
(0.25 mm x 30 m) (18). Mole percentages of partially meth-
ylated alditol acetates were calculated using effective carbon
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Figure 3. (Top) Molecular size distribution of fraction B. Fraction B
(22 mg) was applied to a Bio-Gel P-10 column (200-400 mesh, 1.5
x 83 cm) equilibrated with 50 mm Na-acetate buffer solution (pH 5.4).
The-column was eluted with the same buffer. Fractions (1.5 mL) were
collected and assayed for the total carbohydrate content. Chroma-
tography was repeated five times to secure adequate material for
analysis. Subfractions Bi (tubes No. 34-53) B2 (54-62), and B3 (64-
75) were separately collected and concentrated. (Bottom) The three
subfractions Bi, B2, and B3 thus obtained were separately rechro-
matographed under the same conditions and assayed for the total
carbohydrate content. Tubes 34 to 53 for B1, 54 to 62 for B2, and
64 to 75 for B3 were collected, concentrated, desalted, and lyophi-
lized. OD 490 nm reflects the carbohydrate content as determined
by the phenol-sulfuric acid method; A, B1; 0, B2; *, B3.

response factors (21). GLC-MS was performed with the same
DB 225 column by electron impact at 70 eV (18).

13C-NMR Spectroscopy

'3C-NMR spectra (75.46 M Hz) for fractions B-3 and C-2
were recorded from 1.3% solutions in D20 at 21°C. The
signals of anomeric carbon atoms were assigned using pub-
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Figure 4. Molecular size distribution of fraction C. Fraction C (ca. 23
mg) was applied to a Bio-Gel A-0.5m column which had been equili-
brated with 50 mm Na-acetate buffer solution. The column was eluted
with the same buffer. Fractions (2 mL) were collected and assayed
for total carbohydrate and phenolic acid. Chromatography was re-

peated three times to secure adequate material for analysis. Subfrac-
tions Cl (tubes No. 34-39), C2 (42-75) and C3 (78-88) were sepa-
rately collected, concentrated, desalted, and lyophilized.

lished data for oligomers containing xylose, arabinose, and
glucuronic acid (3, 12, 13, 22).

RESULTS

Fractionation of Maize Cell Wall Fragments Dissociated
by Purified Feraxanase

Feraxanase treatment dissociated 193 mg of wall fragments
from one g of a dry cell wall preparation. The dissociated
fraction was separated into three subfractions designated A,
B, and C by a reverse phase chromatography (Table I and
Fig. 1). The three fractions were further resolved into seven

major components by gel filtration chromatography (Figs. 2,
3, and 4, Table II).

Fractions C- 1, C-2, and C-3 contained phenolic acid. Upon
saponification ferulic acid (>92%) and small amounts of p-

coumaric acid and diferulic acid were identified by HPLC.
Ultraviolet absorption (324 nm) was not detected in other
fractions indicating the absence of phenolic acids.
Major sugar components of fractions B-2, B-3, C-2, and C-

3 are arabinose, xylose and glucuronic acid (Table II). Gel
filtration chromatography of these fractions indicates that B-
2 is larger than B-3, and C-2 is larger than C-3 (Figs. 2 and
3). Fractions A- 1 and C- 1 differ from other fractions because
they contain relatively higher amounts of rhamnose and
galactose (Table II). In addition, the behavior of A- 1 and C- 1

when subjected to gel chromatography suggests that the mol
wts of these two fractions are much higher than any of the
other five fractions (cf Figs. 2, 3, and 4).

Glycosidic Linkages

Methylation analysis to disclose the linkage positions within
each of the seven fractions (Table III) shows that B- 1, B-2, B-
3, C-2, and C-3 are mainly composed of t-arabinosyl, 5-
arabinosyl, 4-xylosyl, 2,4/3,4-xylosyl, and t-glucuronosyl res-
idues. We conclude that these fractions are derived from basic
AX segments composed of linear (I-4)-linked xylopyranosyl
units with side chains of arabinofuranosyl, (1--5)-linked-
arabinofuranosyl, and glucuronosyl residues at C2 and/or C3
positions. The presence of significant amounts of (1- 5)-
linked arabinosyl residues indicates that some ofthe arabinose
is substituted at the C5 position.
Anomeric carbon analysis of fractions B-3 and C-2 by 13C-

NMR confirms the presence of a-L-arabinofuranosyl, 3-0-
substituted-( I-A)-l-D-xylopyranosyl, and a-glucuronosyl res-

idues (Table IV).
The presence of 4-galacturonosyl, 2,4-rhamnosyl, t-galac-

tosyl, and 4-galactosyl residues in fractions A-1 and C-1
suggests that RGA polymers, similar to those found in pectic
polysaccharides (15, 19, 21), are associated with AX segments.

a-Arabinofuranosidase Hydrolysis of Isolated Fractions

To examine structural features of arabinosyl side chains,
fractions B- 1, -2, -3, and C-2 were subjected to treatment with
a purified a-arabinofuranosidase. The enzyme liberated sig-
nificant quantities of arabinose residues (50.6-74.5%) present

Table II. Sugar and Phenolic Acid Composition of Subtractions Derived from Fractions A, B, and C
Sugar Compositionc

Fraction Yielda FAb
Rha Ara Xyl Gal Glc GalUA GIcUA

mg mg mole %
A-1 10.3 0 8.6 13.0 11.5 49.6 2.3 12.2 2.1
B-1 15.7 0 1.0 35.8 38.6 1.7 1.6 14.0 8.7
B-2 24.3 0 0 38.8 42.8 0.8 0.6 5.5 13.1
B-3 45.7 0 0.6 36.6 48.3 0.7 0.8 0.7 12.6
C-i 9.6 0.05 7.0 15.4 14.2 47.0 1.5 13.1 1.4
C-2 41.7 2.59 0.5 39.7 48.4 3.4 1.0 0 7.5
C-3 3.3 0.40 1.3 36.3 47.3 1.2 0.7 0.2 13.2

a Total yield was determined by weighing individual lyophilized fractions. b FA content was
determined by a HPLC analysis after alkaline saponification. c Sugar composition was determined
by GLC analysis of alditol acetates after 2 N TFA hydrolysis of individual fractions. Uronides were
determined by comparison of samples in which carboxyl groups were reduced or not reduced by
carbodiimide.
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Table Ill. Sugar Linkage Arrangements in Seven Fractions Derived from Maize Cell Wall after
Hydrolysis by Feraxanase

Sugar Linkage A-1 B-1 B-2 B-3 C-i C-2 C-3

mol %^
Ara-f t 11.8 22.1 20.9 24.0 11.8 26.6 29.2

2 4.9 0.3 0.5 0.3 5.7 2.2 3.5
3 0.6 1.0 1.3 1.0 3.6 2.1 2.4
5 5.9 4.6 7.1 11.3 5.5 3.2 6.8

Xyl-p t 1.1 0.5 0.7 0.8 0 1.7 1.7
4 4.7 3.2 3.2 5.3 4.6 7.4 5.4
2,4/3,4 17.9 43.1 43.9 41.9 17.2 44.4 32.6

Gal-p t 18.0 0.8 0.8 0 16.0 3.4 1.1
4 10.1 0 0 0 10.7 0.5 0

Rha-p 2,4 8.4 0 0 0 6.8 0 0
UAb total 14.3 23.0 20.0 14.3 14.4 7.1 13.0
GIcUA tc 1.5 6.4 7.4 7.5 1.5 5.2 7.9
GalUA 4c 7.2 5.2 0 0 7.8 0 0

a Mole percentages of individual partially methylated alditol acetates were calculated on an effective
carbon response basis. b Total UA contents were estimated by the procedure of Blumenkrantz after
appropriate corrections for the presence of neutral sugars (estimated by the phenolic-sulfuric acid
method). c Mole percentages of t-Glc UA and 4-Gal UA were estimated by reducing carbohydrates
with carbodiimide before methylation. Differences between the total UA and (t-Glc UA plus 4-Gal UA)
are, in part, due to incomplete recoveries (ca. 70%) of the reduction product.

Table IV. Anomeric Configuration of Glycosidic Linkages in
Fractions B-3 and C-2 Identified by 13C-NMR

B-3 Fraction C-2 Fraction

o (ppm) Assignmentb o (ppm) Assignment

107.8 C-1 a-L-Ara f 107.9 C-1 a-L-Ara f
101.5 C-1 ,B-D-Xyl P 101.6 C-1 fl-D-Xyl p

(substituted at (substituted at
0-3 by Ara) 0-3 by Ara)

98.1 C-1 a-D-GIcUA 98.1 C-1 a-D-GIcUA
85.0 85.0
81.0 81.0
77.5 77.5
74.8 74.2
73.9 73.9
63.0 63.1
61.6 61.6

a Chemical shifts for major signals. b Only signals for anomeric
carbons were assigned.

in the individual subfractions without releasing other sugars
(Table V). The liberation ofarabinose residues by the enzyme
was accompanied by decreases in the mole % of 5-arabino-
furanosyl, t-arabinofuranosyl, and 2,3/3,4-xylopyranosyl res-
idues and an increase in the percentages of 4-xylopyranosyl
and t-xylopyranosyl residues (Table VI). This result supports
the contention that some arabinose side chains are substituted
by additional arabinose residues at the C5 position. Arabinose
side chains are therefore not restricted to arabinose terminals
but include a-L-arabinofuranosyl-[(l ->5)-O-a-L-arabinofura-
nosyl] units.

Examination of Alkali Labile Linkages in Feraxan
Fragments

Alkali treatment of C- 1, -2, and -3 fractions liberated FA,
minor amounts of p-coumaric acid and diferulic acid (Table

II). This result indicates that these phenolic acids are attached
to carbohydrates by alkaline labile linkages, probably ester
bonds, as suggested by previous studies (9, 11, 12, 20).
Treatment of the C-2 fraction and its subfraction with 0.5

M NaOH decreased its average molecular size (Fig. 5). Free
phenolic acids appeared in solution as the polymeric size
decreased.

DISCUSSION

Fractions derived from the maize coleoptile cell wall after
feraxanase hydrolysis are assigned to four groups based on
their respective components: nonferuloylated AX segments
(B-1, -2, and -3), nonferuloylated AX-RGA segments (A-1),
feruloylated AX segments (C-2, -3) and feruloylated AX-RGA
segments (C-1). Linkage assignment by methylation analysis
and anomeric configuration analysis by '3C-NMR indicates
that a (1--4)-ft-D-xylopyranosyl backbone with a-L-arabino-
furanosyl-, a-L-arabinofuranosyl-[( 1-.5)-O-a-L-arabinofura-
nosylJ, and a-D-glucuronosyl side chains at C2 or C3 positions
constitute the basic structural unit. The release of phenolic
acids by saponification suggests that these constituents, par-
ticularly ferulic acid, are attached to carbohydrate by ester
linkages.
The results are consistent with previous observations (5-7,

1 1) except that a-L-arabinofuranosyl-[( l-S5)-O-a-L-arabino-
furanosylJ, side chains may now be considered a part of the
AX polymer. In maize cell walls, especially those derived
from embryonic tissues, (1- 5)-arabinofuranosyl linkages
have been reported (4, 5), but the linkage sequence was
interpreted as a component ofa distinct polymer. The present
work clearly shows that C-L-arabinofuranosyl-[( l- 5)-O-a-L-
arabinofuranosyl]e-side chains constitute a part of the basic
structure ofAX segments in maize cell walls.

Purified feraxanase also liberated RGA type fragments (A-
1 and C-1) in addition to AX segments from maize cell walls.
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Table V. Changes in Sugar Composition of Fractions B-1, B-2, B-3, and C-2 following Treatment with
Purified Arabinosidase

Treatment and Fraction
Sugar Link- Boiled Arabinosidase Arabinosidaseages ________________

B-1 B-2 B-3 C-2 B-1 B-2 B-3 C-2

mol % mol %

Oligomerb
Ara 35.7 38.3 36.1 39.9 16.5 12.6 9.2 19.5
Xyl 38.3 40.4 48.6 48.6 38.1 40.2 47.8 48.0
Gal 1.8 0.9 0.8 3.5 2.0 1.1 0.7 3.7
Glc 1.2 0.3 0.7 0.9 1.4 0.8 0.8 1.2
UA 23.0 20.1 14.3 7.1 22.9 19.9 14.3 7.0

Monomerb
Ara 0 0 0 0 19.0 25.5 26.9 20.2
(%)C (53.2) (66.6) (74.5) (50.6)

a Individual fractions (2 mg) were dissolved in 0.6 mL of 20 mm Na-phosphate buffer solution (pH
6.8) and incubated with 50 jg of arabinosidase or heat inactivated arabinosidase in the presence of
0.05% sodium azide at 380C for 90 h. b After the reaction, the products were resolved into monomer
and oligomer fractions on a Bio-Gel P-2 column. Sugar compositions of these fractions were analyzed
by GLC. c Figures in parentheses indicate mol % of the total arabinose liberated by the arabinosidase
treatment.

Table VI. Changes in Sugar Linkage Arrangements of Fractions B1, B2, B3 and C2 following
treatment with Arabinosidase

Treatmenta

Sugar Unkages Boiled arabinosidase Arabinosidase DifferencebSugarUnkages [11 [II] VQg _ II]
B-1 B-2 B-3 C-2 B-1 B-2 B-3 C-2 B-1 B-2 BC3-2

mol % mol% mol %

Oligomersc
Ara t 25.6 25.1 30.0 32.6 9.7 9.6 7.7 11.8 -15.9 -15.4 -22.3 -20.8
2 0.6 0.5 0 2.6 0 0 0 2.8 -0.6 -0.5 0 0.2
3 0.9 1.2 1.2 2.0 1.2 1.3 0.1 1.9 0.3 0.1 -1.1 -0.1
5 4.9 6.9 9.7 3.4 1.0 0.1 1.3 2.0 -3.9 -6.8 -8.4 -1.4

Xyl t 0.5 0.7 0.8 1.5 2.7 5.3 9.2 5.6 2.2 4.6 8.4 4.1
4 3.0 3.3 4.7 6.0 23.0 21.2 23.3 21.5 20.0 17.9 18.6 15.5
2,3/2,4 39.5 40.3 37.8 40.3 20.4 18.2 18.8 21.6 -19.1 -22.1 -19.0 -18.7

Gal t 0.7 0.8 0.4 2.4 1.0 0 0 0 0.3 -0.8 -0.4 -2.4
4 0 0 0 0.4 0 0 0 0 0 0 0 -0.4

UA totar 22.0 19.0 13.3 7.2 21.8 18.7 12.9 7.0 -0.2 -0.3 -0.4 -0.2

Monomersc
Free Arae 0 0 0 0 19.0 25.5 26.9 20.2 19.0 25.5 26.9 20.2

After individual fractions were incubated with heat inactivated- or active-arabinosidase, the reaction
products were resolved into oligomer and monomer fractions by the same procedure as described
for Table V. b The differences in mole percentages between [arabinosidase treatment] and [boiled
arabinosidase treatment] are calculated and shown. c The sugar linkage arrangements were
determined by methylation analysis. d UA compositions were determined by the procedure of Blumen-
krantz. e Free arabinose content was determined by GLC analysis of the derived alditol acetates.

Since feraxanase does not directly degrade pectic polysaccha-
rides derived from maize cell walls (18), the RGA polymers
found in fraction A- 1 and C- 1 are liberated as a function of
the action of the enzyme on (1-*4)-f3-D-xylosyl linkages in
the AX backbone. A possible explanation for this result is
that RGA segments are covalently linked to AX segments.

In contrast, feraxanase does not liberate (1--3),(l-*4)-#-D-
glucans. Furthermore, digestion of the ,3-glucan by purified

glucanase did not liberate feraxan fragments (18). Thus, fer-
axan and the ,B-glucan are not covalently associated: they are
separately stabilized or immobilized in the cell wall lattice.
The present study has shown that at least 70% of phenolic

acids, mostly ferulic acid, present in the cell wall are attached
to AX segments by alkaline labile bonds. These bonds are
most likely ester linkages. The data also suggests that AX
segments are linked through phenolic acid bridges, probably
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Figure5. Changes in the molecular dimensions of fractionC2 as

result of alkali treatment. OD 490 nm reflects the carbohydrate

content as determined by the phenol-sulfuric acid method. (A) Fraction

C2 (2.0 mg) was dissolved in 1.0 mL of 0.5 M NaOH solution in 0.5

Na-acetate buffer solution (pH 4.0) and maintained at 250C

h. After the incubation, the alkaline solution was acidified (pH

with acetic acid. The carbohydrates in these fractions were purified

with Sep-Pak cartridges (see "Materials and Methods"), and

were chromatographed on a Bio-Gel A-0.5m column. The profile

nativeC2(0) and alkaline-treatedC2(0) are shown. (B) A subfraction

of theC2 profile was collected by combining tubes 45 to 51

0). That subfraction was treated with alkali as described above

the products resolved by Bio-Gel A-0.5m chromatography. The

bohydrate profiles before (0) and after (0) alkali treatment are shown.

diferulic acid. It is clear that further analyses of individual

fractions derived from the maize primary cell wall will provide

a more complete understanding of the feraxan structure.

Certainly the use of the enzyme feraxanase has the potential

to serve an important role in this effort.
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