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ABSTRACT

Three novel j6-xylan xylanohydrolases capable of dissociating ferulated
arabinoxylan (Feraxan) from maize (Zea mays L. hybrid B73 x Mol7)
coleoptile sections and two conventional 6-xylan xylanohydrolases (xy-
lanases) were purified from a Bacillus subtilis industrial enzyme prepa-
ration (Novo Ban L-120). The Feraxan-dissociating enzymes (designated
as feraxanases) exhibit optimum activities between pH 6.5 and 7.0 and
have common molecular weights of 45 kilodaltons as studied by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Two xylanases ex-
hibit their optimum activities between pH 4.5 and 6.0 and have common
molecular weights of 27 kilodaltons. Feraxanases liberate oligomeric
fragments, which accounted for the following percentages of wals of Zea
mays coleoptile sections that had been pretreated by boiling in 80%
ethanol: 76% of the ferulic acid, 96% of the arabinose, 71% of the xylose,
27% of the galactose, 50% of the uronic acid, and 4% of the glucose.
Monomers, dimers, trimers, or tetramers were not found among enzyme
digestion products. The enzymes hydrolyzed both Feraxan in intact cell
wall and maize arabinoxylans extracted from walls by alkaline solutions
but did not degrade other substrates including larch arabinoxylan and
Rhodymenia xylan. Structural analyses of the fragments released by the
enzymes from the maize cell wall indicated the presence of 2,4/3,4-linked-
xylopyranosyL terminal-arabinofuranosyL 5-linked-arabinofuranosyL 4-
linked-xylopyranosyL terminal-glucuronopyranosyl, and ferulic acid as
major components. This result is consistent with the idea that most of
the fragments were derived from Feraxan. Because of high enzyme
specificity and substantial recovery of digestion products from maize cell
walls, these new enzymes offer opportunities not only for enhanced
structural analyses of cell walls but also for assistance in protoplast
preparation from cereals.

Arabinoxylans have long been recognized as major compo-
nents of cereal plant cell walls (4, 10, 25). Structural analyses
have been conducted on these polymers in an attempt to eluci-
date the chemical basis underlying alterations in the physical
properties of the cell wall responsible for growth and develop-
ment of the plant tissues (5-8, 24). Although recent studies (15,
16, 19, 21) have shown that phenolic components, particularly
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ferulic acid, are attached to arabinoxylans, the structure of the
Feraxans3 of the cell wall has not been elucidated.

In most structural studies of Feraxans, alkaline solutions have
been used to extract matrix polysaccharides (4, 8, 24, 25). The
alkaline extraction, however, results in not only nonselective
liberation of matrix polysaccharides but also cleavage of certain
covalent bonds, particularly ester linkages through which phe-
nolic acids are attached to arabinoxylans. To avoid the problems
encountered in the alkaline extraction procedures, selective dis-
sociation of cell wall fragments by purified enzymes with known
specificities have been used. Most success thus far has been
reported for the pectic polysaccharides (23) and (1 -- 3), (1 -

4)-(3-D-glucans (12). Recently, Kato and Nevins (14) purified a
(1 -. 4)-f-D-xylanase capable of degrading Feraxan of maize cell
wall from a Bacillus enzyme preparation. This enzyme, however,
had limited action in dissociating Feraxan from the intact maize
cell wall. Only about 10% of Feraxan present in the wall was
released. From the same B. subtilis enzyme preparation, we have
isolated a series of novel enzymes capable of specifically disso-
ciating more than 70% of Feraxan present in the maize cell wall.
The present paper describes the purification and partial charac-
terization of these new enzymes, designated as feraxanases.

MATERIALS AND METHODS
Enzymes. The Bacillus subtilis enzyme preparation (Novo Ban

L-120 industrial amylase preparation) was a gift from Novo
industry A/S Copenhagen, Denmark. Porcine pancreatic a-am-
ylase was purchased from Sigma. Protein standards for SDS-
PAGE mol wt estimation were purchased from Bio-Rad Labo-
ratories.

Carbohydrates. The following carbohydrates were purchased:
cellulose from Nutritional Biochemical Corp., carboxymethyl-
cellulose type 7MF and GENU pectin type LM-20 from Her-
cules, laminarin from U.S. Biochemical Corp., barley ,8-glucan
from Biocon U.S., Inc., araban and larch galactan from Koch-
Light, oat bran from the Quaker Oat Co., and dextrans, potato
starch, citrus polygalacturonans, oat spelts xylan, larch arabinox-
ylan, yeast mannan, and locust bean galactomannan from Sigma.
Chromatography Media. DEAE-Sephacel and CM-Sepharose

CL-6B were purchased from Sigma. Cellex D (DEAE-cellulose),
Bio Gel P-2 (100-200 mesh), P-10 (200-400 mesh), and A-0.5
m (200-400 mesh) were purchased from Bio-Rad Laboratories.

3 Abbreviations: Feraxan, feruloylated arabinoxylan; feraxanase, fer-
axan-dissociating enzyme; FA, ferulic acid; MAX, alkaline extracted
maize arabinoxylan; UA, uronic acid; FID, flame ionization detector;
DP, degree of polymerization.
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Sugar Composition Analyses. Total carbohydrate was deter-
mined by the phenolsulfuric acid method (10). Total uronide
content was determined by the procedure of Blumenkrantz and
Asboe-Hansen (3).
To analyze neutral sugar composition, oligo- or polysaccha-

rides (about 50 Ag) were hydrolyzed with 2 M trifluoroacetic acid
at 120C for 1 h. After the acid was removed with a stream of
air, the sugars were converted into their corresponding alditol
acetates (1) followed by analysis with a gas liquid chromatograph
equipped with an SP 2330 glass WCOT capillary column. The
column temperature was increased from 150 to 225C at a rate
of4C per min.
Uronic acid compositions were determined by reducing the

carboxyl groups in the polysaccharides (2) before trifluoroacetic
acid hydrolysis followed by the same analytical procedure as for
neutral sugars.

Phenolic Acid Determination. Dry coleoptile sections or en-
zyme hydrolysates were saponified in 0.5M NaOH solution under
nitrogen at 60°C for 90 min. After saponification, the alkaline
solution was acidified by addition of 1.1 volume of 0.5 M HCI
solution and then applied to a Sep Pak C1 8 cartridge that had
been swollen in the presence of10 ml of ethanol and equilibrated
with 10 ml of water containing 0.05% acetic acid. The cartridge
was washed successively with 10 ml of water containing 0.05%
acetic acid and5 ml of 10% ethanol solution containing 0.05%
acetic acid. The phenolic acids were eluted by 5 ml of a 90%
ethanol solution. The amount of total phenolic compounds was
estimated by the measurement ofUV absorption of the eluate at
324 nm, and the values were converted to ferulic acid equiva-
lents.
A portion of the eluate was evaporated under a stream of

nitrogen and dissolved in 20% acetonitrile solution with 0.05%
acetic acid. Phenolic acids were separated by HPLC on a Biosil
ODS-5S column (4 x 250 mm, Bio-Rad Laboratories). The
phenolic compounds were eluted at a rate of1 ml/min with 20%
acetonitrile and 80% water with 0.05% acetic acid for 10 min,
followed by an increase to 40% acetonitrile during the next 10
min. Then, the eluate was held at 40% acetonitrile for 20 min.
Phenolic acids were monitored by a UV detector (ISCO) at 310
nm and were identified by retention time: 9.37 min for p-
coumaric acid, 9.65 min for ferulic acid, and 22.53 min for
diferulic acid. Diferulic acid was a gift from Dr. W. J. Sweet and
Dr. J. D. Labavitch. The eluate containing ferulic acid was
collected, evaporated under a stream of nitrogen, and identified
by solid probe MS at 70 eV.

Methylation Analysis. Lyophilized oligo- or polysaccharide
(about 200,ug) was methylated with K-dimethylsulfinyl anion
and methyl iodide (1 1). The permethylated oligo- or polysaccha-
ride was purified using a Sep Pak C18 (5), hydrolyzed in 2M
TFA, reduced with NaBD4, then acetylated as described above.
Partially methylated alditol acetates were separated on a 30 m
DB 225 fused silica capillary column (J & W Scientific) main-
tained isothermally at 220°C with a split ratio of about 40:1 using
helium as carrier gas (1 ml/min). Injector andFID temperature
were set at 180 and 230C, respectively.CC-MS was also per-

formed with a mass spectrometer, equipped with the same DB
225 column, by electron impact at 70 eV.

Preparation of Dry Coleoptile Sections. Fresh coleoptile sec-
tions(1 cm long) excised from maize (Zea mays L. hybrid B73
x Mo 17) seedlings which had been grown in darkness at 25C
for 5 d were boiled in 80% aqueous ethanol for 10 min. Boiled
coleoptile sections were washed sequentially with ethanol, ace-
tone, a methanol-chloroform mixture (1/1, v/v), and ethanol.
The sections were rehydrated and soaked in 3M LiCl solution at
10°C for 2 d followed by extensive washing with water. They
were then incubated in a procine pancreatic a-amylase (Sigma
type1-A) solution (100,ag in 100 ml of 10 mm Na-phosphate
buffer solution, pH 7.0) in the presence of 0.05% sodium azide

at 35°C for 24 h followed by extensive washing with water to
remove starch. The sections were dehydrated with ethanol and
acetone and dried in vaccuo, and weights of dry coleoptile
sections were recorded.
Purification of O-Glucanase. (1 -* 3),(1 -- 4)-f3-D-Glucan-4-

glucanohydrolase (,3-glucanase) was purified from a Bacillus
subtilis a-amylase preparation (Nova Ban L-120) by a procedure
similar to that described by Kato and Nevins (13) using Cellex-
D (DEAE-cellulose) and Bio Gel P-10 chromatography.

Purification of Enzyme Substrates. Maize pectin and arabi-
noxylan were prepared from the dry coleoptile sections: the dry
coleoptile sections were rehydrated and homogenized in 20 mm
ammonium oxalate-oxalic acid buffer (pH 4.0), then heated at70°C for 30 min to extract the pectin fraction. The extraction
was repeated four times, and extracts were combined, mixed
with 2 volumes of ethanol, and maintained overnight at -20°C.
The precipitate was centrifuged, dissolved in water, dialyzed
against water, and lyophilized to obtain a maize pectin fraction.
The cell wall residue after the pectin extraction was suspended

in the purified (1 -> 3),( 1 -- 4)-f,-D-glucan-4-glucanohydrolase(,3-glucanase) solution (10 ug glucanase in 100 ml of10 mm Na-
phosphate buffer solution [pH 6.8], with 0.05% sodium azide)
then incubated at 35°C for 24 h to hydrolyze #(1 -> 3),(1 -+ 4)
mixed linked glucans. The wall residues were washed with water.
After the glucanase digestion, the residue was extracted three
times with 4% KOH aqueous solution at 25°C for 8 h. The
extract was combined and acidified with 0.06 volumes of glacial
acetic acid. Four volumes of ethanol were added to the acidified
solution to precipitate MAX. The precipitate was dissolved in
water, dialyzed against water, and lyophilized to obtain MAX.
A (1 -- 3),(1 -. 4)-f3-D-xylan was purified from Rhodymenia

palmata fronds by a method of Kato and Nevins (14) with
modification: Rhodymenia fronds (10 g) were extracted twice
with 200 ml of boiling water. The extract was mixed with 2
volumes of methanol and centrifuged to obtain 2.7 g of precipi-
tate. The precipitate (2.5 g) was dissolved in 250 ml of 20 mm
Na-acetate buffer solution (pH 5.3) and applied to a DEAE-
cellulose (17 g dry weight) column which had been equilibrated
with the same buffer solution. The column was eluted with the
same solution. The first 800 ml of the eluate was collected and
mixed with 2 volumes of ethanol. The precipitate thus obtained
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was washed with ethanol and acetone and dried in vaccuo to
obtain 1.5 g of pure xylan.
Larch arabinoxylan was purified by the method described by

Taiz and Honigman (22).
(1 -) 3),(1 -- 4),-l-D-Glucan was extracted from oat bran: oat

bran was boiled in 80% aqueous ethanol solution, washed with
acetone, then dried. The dried bran was extracted three times for
30 min each with water at 45°C. After the extract was digested
with a pancreatic a-amylase solution, ,B-glucans were precipitated
by ammonium sulfate (between 20 and 40% saturation) followed
by dialysis against water and lyophilization.
Enzyme assays. ,B-Xylanase activity and MAX-degrading ac-

tivity were assayed using Rhodymenia xylan and MAX, respec-
tively: 0.4 ml of 20 mm Na-phosphate buffer solution (pH 5.4)
containing 0.2% Rhodymenia xylan orMAX was incubated with
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5 Ml of enzyme preparation at 37°C and the reaction was termi-
nated by the addition of the Somogyi reagent. Reducing sugars
liberated during the reaction were determined by the method of
Somogyi (20) and Nelson (18). One unit of the enzyme activity
was defined as equivalent to the liberation of 100 MAg of xylose
equivalents in the first 10 min under the conditions described
above.

Feraxan-dissociating activity (feraxanase activity) was assayed
using the dry coleoptile sections of maize as the substrate: cell
walls of two intact sections of maize coleoptile (about 1.2 mg)
were rehydrated in 1 ml of 20 mm Na-phosphate buffer solution
(pH 6.8) and were incubated with 5 ,l ofthe enzyme preparation
in the presence of 0.05% sodium azide at 37°C for 12 h. After
the reaction, a portion of the solution was assayed for total
carbohydrate by the phenol-sulfuric acid method and for the
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FIG. 2. Gel filtration chromatography of enzyme preparations 5A, 5B, 5C, 5D, and 5E. Individual enzyme preparations were chromatographed
on a Bio Gel P-10 column. For enzyme preparations 5A and 5B, (8-xylanase activity (A) as well as protein content (.... ) were assayed. For enzyme
preparations 5C, 5D, and 5E, Feraxan-dissociating activity (0), total phenolics (0) as well as protein content (...* ) were assayed.
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Table I. Summary ofPurification ofB. subtilis hydrolases

Purification Steps Enzyme Protein Total Specific Recovery PurificationPreparation Activity Activity of Activity

enzyme enzyme
mg units units % -fold

x103 x103/mg
f,-Xylanase activitiesa

Dialysis 1 2278 286 0.126 100 I
Ammonium sulfate 2 713 128 0.180 44.8 1.43
DEAE-Sephacel, 1st 3 261 74.7 0.286 26.1 2.28
DEAE-Sephacel, 2nd 4 17.2 69.0 4.01 24.1 31.9
CM-Sepharose 5-A 0.27 7.3 27.0 2.5 214

5-B 3.96 42.0 10.6 14.7 84.1
Bio Gel P-10 A 0.19 5.25 27.6 1.8 220

B 2.4 36.4 15.2 12.7 121
MAX-degrading activities

Dialysis 1 2278 11.5 5.04 100 1
Ammonium sulfate 2 713 3.97 5.57 34.6 1.11
DEAE-Sephacel, 1st 3 261 2.40 9.18 20.9 1.82
DEAE-Sephacel, 2nd 4 17.2 2.17 126 19.0 25.1
CM-Sepharose 5-C 0.46 0.32 700 2.88 139

5-D 0.69 0.74 1076 5.40 213
5-E 0.50 1.02 2030 8.28 403

Bio Gel P-10 C 0.13 0.26 2015 2.35 400
D 0.27 0.59 2200 4.32 436
E 0.39 0.87 2238 7.12 444

a ,B-Xylanase activity was determined using Rhodymenia xylan as the substrate.
was determined using MAX as the substrate (see "Materials and Methods").

total phenolic compounds by UV absorption at 324 nm. The
enzyme activity was expressed as total carbohydrate (xylose
equivalents) liberated under the conditions described above.
Gel Filtration of Enzyme Digestion Products. Enzyme diges-

tion products were analyzed by three different chromatography
systems. (a) Neutral oligosaccharides in enzyme digests ofAvena
f-glucan, Rhodymenia xylan, and MAX were analyzed by HPLC
(Bio-Rad model 1330) on an Aminex carbohydrate HPX 42A
column (7.8 x 300 mm). Carbohydrates were eluted with water
at 0.6 ml/min at 50°C and monitored by a differential refractom-
eter (Bio-Rad model 1770). (b) Enzyme hydrolysates of MAX
were separated by HPLC on a TSK Gel G 4000 PW column (7.5
x 300 mm + 7.5 x 75 mm). The hydrolysate was eluted with
0.1 M Na-acetate buffer solution (pH 5.4) at 1 ml/min. Fractions
(0.2 ml) were collected and assayed for the total carbohydrate by
the phenol sulfuric acid method. (c) Enzyme hydrolysates of
MAX were also separated by a Bio Gel P-10 (200-400 mesh)
column (15 x 900 mm). The hydrolysate was eluted with 50 mM
Na-acetate buffer solution (pH 5.4) at 7 ml/h. Fractions (1.5 ml)
were collected and assayed for the total carbohydrate by the
phenol sulfuric acid method.
General Procedure. Concentration ofenzyme preparations was

carried out by ultrafiltration using YM-5 membrane (Amicon).
Dialysis of enzyme preparation was performed using Spectra/
por 3 (mol wt cutoff 3500). Protein content was estimated using
the Bradford Protein Assay (Bio-Rad) with BSA as a standard or
by UV absorption at 280 nm.
The concentration of carbohydrate in solution was performed

by rotary evaporation under reduced pressure at 35°C or by a
stream of filtered air at 40C. Carbohydrate solutions were de-
salted either by dialysis against water using Spectra/por 6 (mol
wt cutoff 2000) or by a Bio Gel P-2 gel chromatography (20 x
400 mm) using water as an eluent. Desalted carbohydrate solu-
tions were lyophilized.

Electrophoresis. SDS-PAGE was performed using 0.75 x 140
x 140 mm discontinuous polyacrylamide gels by the procedure

b MAX-degrading activity

of Laemmli (17). Five pig each of purified enzymes in a sample
buffer (0.125 M Tris-HCl, pH 6.8; 4% SDS; 10% 2-mercaptoeth-
anol) was subjected to SDS-PAGE. After electrophoresis, the gel
was stained by Coomassie brilliant blue 25 R.

Purification of Feraxan-Dissociating Enzymes (Feraxanases)
from Novo Ban L-120. Novo Ban L-120 (400 ml) was dialyzed
against 10 mm Na-phosphate buffer (pH 6.3) followed by cen-
trifugation for 30 min at 100OOg to remove insoluble material.
The supernatant (1.5 L) was reduced to 200 ml by ultrafiltration
(enzyme preparation 1; 2.28 g protein).
Enzyme preparation 1 was fractionated by ammonium sulfate

precipitation. The precipitate between 40 and 60% saturation
was collected, dissolved in the Na-phosphate buffer solution,
then dialyzed against the same buffer solution (enzyme prepa-
ration 2; 713 mg protein).
Enzyme preparation 2, in 100 ml of the Na-Phosphate buffer,

was applied to a column of DEAE-Sephacel (65 x 80 mm) that
had been preequilibrated with the 10 mm Na-phosphate buffer
solution. Elution was accomplished with the same buffer. Most
of the MAX-degrading activity and Feraxan-dissociating activity
(feraxanase activity) as well as f3-xylanase activity was recovered
in the first 200 ml of the eluate (enzyme preparation 3; 261 mg
protein). This fraction was reduced to 10 ml and applied to a
longer DEAE-Sephacel column (25 x 900 mm) preequilibrated
and eluted with the same buffer. Nine ml fractions were collected
and assayed for the MAX-degrading activity, feraxanase activity,
and j3-xylanase activity. The active fractions (tubes No. 27 and
28) were collected and concentrated to 3 ml (enzyme preparation
4; 171 mg).
Enzyme preparation 4 was applied to a column of CM-Seph-

arose CL-6B (18 x 450 mm) preequilibrated with 10 mm Na-
phosphate buffer solution (pH 6.3). The column was washed
with 200 ml of the same buffer solution followed by elution with
a linear gradient of NaCl (0-0.2 M) in the Na-phosphate buffer.
No ,B-xylanase or feraxanase activity was detected in the first 200
ml of the eluate. Subsequently, fractions of 2.8 ml were collected
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FIG. 3. SDS-PAGE of enzyme preparations A, B, C, D, and E.

Individual enzyme preparations (A, B, C, D, and E) (5 Mg each) and a
mixture of standard proteins (S) (2 Mg each) were separated on a 10%
SDS-PAGE. After electrophoresis, the gels were stained by Coomassie
brilliant blue 25 R.

and assayed for fl-xylanase activity and feraxanase activity. Twc
distinct fl-xylanase fractions (enzyme preparations 5, A and B)
and three feraxanase fractions (enzyme preparations 5, C, D, and
1E) were separately collected and concentrated (Fig. 1).
The five fractions were separately chromatographed on a Bio

Gel P-10 column using the 10 mm Na-phosphate buffer contain-
ing 0.2 M NaCl as the eluent. The protein peaks that coincided
with the individual enyzme activities were rechromatographed
under the same conditions (Fig. 2) and stored in a 10 mm Na-
phosphate buffer solution containing 0.2 M NaCl and 0.05%
sodium azide at 4C (enzyme preparations A, B, C, D, and E).
The data summarizing the purification of these enzymes are
shown in Table I.

RESULTS

Characterization of Purified Enzymes. SDS-PAGE of individ-
ual enzyme preparations indicates that the three feraxanase
preparations (enzyme preparations C, D, and E) are homogene-
ous and have a common mol wt of 45,000. The two ,3-xylanases
(enzyme preparations A and B) have a common mol wt of
27,000 and are mostly associated with a single band (Fig. 3).

887

These enzyme preparations did not show activity on polysac-
charides, which included cellulose, carboxymethylcellulose, lich-
enan, oat ,B-glucan, barley ,B-glucan, laminarin, dextran, starch,
citrus pectin, maize pectin, polyuronides, arabinan, galactan,
arabinogalactan, yeast mannan, galactomannan.

Table II. Susceptibility ofXylans with Different Sugar Linkage
Arrangements to Purified B. subtilis Hydrolase Preparations

Sugar Plant Source of Xylans
Linkages Rhodymenia Larch Maize

mol %
Ara t 0 8.0 25.5

5 0 0 7.8
Xyl t 0.2 2.3 1.6

3 21.4 0 0
4 67.0 69.9 14.9

2,4/3,4 0 13.4 41.1
Gal t 0 0 0.4

4 0 0 0.4
GlcUA total 0 2.8 8.2

Enzyme Activitiesb
Enzyme

Preparationa Reducing sugar formedC
(,ug from 1 mg substrate)

A 87 133 3
B 100 164 4
C NDd ND 22
D ND ND 24
E ND ND 25

aPurified enzyme preparations (0.2 Mg each) from Bio Gel P-10
rechromatography were used (see Table I). b Enzyme preparations A
and B were incubated with 0.1% solution of individual substrates for 10
min under the conditions described in "Materials and Methods." Prep-
arations C, D, and E were incubated for 2 h under the same condi-
tions. c Amounts of reducing groups formed during enzyme reaction
were estimated by the procedure of Somogyi (20) and Nelson (18) and
are expressed as xylose equivalents. d No enzyme activity was de-
tected during prolonged incubation period (24 h).
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FIG. 4. Resolution by gel filtration on a TSK Gel G 4000 PW column
of enzyme hydrolysates derived from MAX. MAX (3 mg each) was
dissolved in 1 ml of 20 mm Na-phosphate buffer solution (pH 6.8)
containing 0.05% sodium azide and incubated with 1 Mg of enzyme
preparation A or B or with 0.2 Ag of preparation C, D, or E. For controls,
a mixture of the five enzyme fractions was boiled and used. After 3 h of
incubation at 37°C, individual reaction mixtures were boiled for 5 min
and separated by HPLC on a TSK Gel G 4000 PW column. After
chromatography, each tube was assayed for total carbohydrate content,
expressed as percentages of the total carbohydrate applied.
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FIG. 5. Bio Gel P-10 chromatograms of enzyme hydrolysates of
MAX. MAX (4 mg each) dissolved in 1 ml of 20 mm Na-phosphate
buffer solution (pH 6.8) containing 0.05% sodium azide was incubated
with 0.2 ,ug of enzyme preparations C, D, and E at 37C for 24 h.
Individual reaction mixtures were boiled for 5 min and separated on a
Bio Gel P-10 column. Each tube was assayed for total carbohydrate
content. For the control, a mixture of five enzyme preparations was
boiled and used.

Table III. Sugar Linkage Composition ofFractions Obtained by Bio
Gel P-10 Chromatography ofa Purified Feraxanase (enzyme

preparation-E) digest ofMAX

Sugar Fractionsa
Linkages I II III

Ara t 15.6 27.7 24.1
2 2.0 1.3 1.2
3 2.0 1.1 0
5 4.0 5.9 12.5

Xyl t 0.8 0.7 0
4 12.0 7.5 7.1

2,3/3,4 44.9 43.5 42.3
Gal t 4.0 0 0

4 3.9 0 0
UA Totalb 7.9 11.0 12.2

a Fractions I, II, and III obtained from Bio Gel P-10 chromatography
(Fig. 5) were concentrated, desalted, lyophilized, and subjected to the
methylation analysis. b Total uronic acid content was estimated by
the Blumenkrantz procedure.

The effect ofpH on the enzyme activities was examined using
McIlvaine buffers (pH 2.5-8) at 37°C. #-Xylanases have a broad
optimum pH range between pH 4.5 and 6. Feraxanases (C, D,
and E) have the pH optimum between pH 6.5 to 7.0.

Substrate Specificity. Feraxanase preparations (C, D, and E)
degraded MAX but did not hydrolyze Rhodymenia (1 -- 3),(1
-- 4)-fl-D-xylan or larch arabino-(l -- 4)-fl-D-xylan (Table II).
Gel chromatography of the three enzyme digests on a TSK-Gel
G 4000 PW column and on Bio Gel P-10 showed that the three
feraxanase preparations are endo-type hydrolases and yielded
identical fragmentation patterns (Figs. 4 and 5). Table III shows
linkages present in the three fractions which had been separated
in the Bio Gel P-10 elution profile. The major linkages in smaller
fractions (fractions II and III) are terminal arabinofuranosyl, 5-
linked-arabinofuranosyl, 4-linked-xylopyranosyl, 3,4-linked-xy-
lopyranosyl, and terminal-glucuronosyl residues. Monomers, di-
mers, trimers, or tetramers of xylose and/or arabinose were not

detected in the enzyme hydrolysate of MAX when subjected to
HPLC analysis with an Aminex HPX 42A column.

,B-Xylanases (enzyme preparationsA and B) had limited action
on MAX even after prolonged incubation (Table II; Fig. 4).
However, they effectively degraded Rhodymenia and larch xylans
(Table II). Extensive digestion ofRhodymenia xylans by the two
,B-xylanases gave a fragmentation pattern similar to the pattern
obtained by Kato and Nevins (14). One of the ,B-xylanases
appears identical to the ,B-(1 -. 4)-xylanase previously purified
and characterized (14).

Dissociation of Feraxan from Maize Coleoptile Sections by
the Enzyme Preparations. Figure 6 shows the time course for
dissociation of Feraxan from the maize coleoptile sections. Ad-
dition of 0.2 tg of individual feraxanases (enzyme preparations
C, D, and E) liberated about 1.7 mg of carbohydrate (xylose
equivalents) and about 50 Ag of phenolic acid (ferulic acid
equivalents) from 10 mg of coleoptile tissue pretreatedby boiling
in ethanol. In contrast, (3-xylanases (enzyme preparations A and
B) (1 Mug) liberated less than one-tenth the components liberated
by feraxanases.

Sugar composition ofenzyme digestion products of maize cell
wall and the intact coleoptile wall preparations, estimated by 2
N TFA hydrolysis and 72% sulfuric acid hydrolysis, is shown in
Table IV. The feraxanase (enzyme preparation E) liberated more
than 70% of arabinose, xylose, and ferulic acid present in the
coleoptile preparation. Table IV also shows that f,-glucanase
pretreatment or pectin extraction with ammonium oxalate-oxalic
acid buffer did not decrease the recovery of arabinose, xylose,
and ferulic acid dissociated by the action of the feraxanase. On
the other hand, pretreatment of coleoptile sections with alkaline
solutions removed most of the feraxan from the coleoptile sec-
tions, substantially decreasing the recovery of arabinose and
xylose from residues.

Linkage Analysis of Maize Cell Wall Fragments Liberated by
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FIG. 6. Time course for dissociation ofFeraxan from maize coleoptile
sections by purified enzyme preparations. Maize coleoptile sections (10
mg) were rehydrated in 2 ml of 20 mm Na-phosphate buffer solution
(pH 6.8) containing 0.05% sodium azide and incubated with 1 Ag of
enzyme fraction A or B or with 0.2 ug of enzyme preparation C, D, or
E, at 37C. At intervals, a portion of the incubation mixture was assayed
for total carbohydrate content and total phenolic content.
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Table IV. Sugar Composition of Whole Coleoptile Sections and Enzyme Digest ofDifferent Wall Preparations
Treatmenta Rha Fuc Ara Xyl Man Gal Glc UA FA

ug/mg coleoptile wall
Acid-hydrolysates and base saponification products of intact coleoptile walls

2 M-TFA 3.8 1.4 78.5 102.2 3.9 35.0 121.3
72% Sulfuric acid 4.8 1.8 75.1 111.8 12.3 36.6 399.8 56.5
0.5 M NaOH 7.23

Pretreatmentb Treatmentc

Mg/mg coleoptile wall
Enzyme hydrolysates of differentially pretreated coleoptile wall preparations

Buffer Buffer 0 0 0 0 0 0 5.8 0
Buffer Feraxanase 0 0 75.5 79.3 0 10.1 17.1 25.3 5.51
Buffer Glucanase 0 0 0 0 0 0 115.8 4.3 0
Glucanase Feraxanase 0 0 78.3 87.6 0 17.4 5.1 24.8 5.85

Preextractiond
AO Feraxanase 0 0 82.5 97.7 0 20.2 5.0
AO + 4% KOH Feraxanase 0 0 16.8 19.7 0 5.2 0.6
AO + 24% KOH Feraxanase 0 0 6.4 8.0 0 1.9 0.1
a Dry coleoptile sections of maize were hydrolyzed with 2 N TFA or 72% sulfuric acid, and sugar composition of the hydrolysate was analyzed.

Saponification was performed with 0.5 M NaOH and ferulic acid content was determined by HPLC (see "Materials and Methods"). b Dry
coleoptile sections were pretreated with or without the Il-glucanase. c Pretreated or preextracted coleoptile preparations were treated with a
purified feraxanase (enzyme preparation E) or the ,8-glucanase followed by analyses ofsugar compositions and ferulic acid in the hydrolysate. d Dry
coleoptile sections were extracted with ammonium oxalate-oxalic acid buffer solution to remove pectin (AO). The residue was extracted with 4%
KOH (AO + 4% KOH) or 24% KOH (AO + 24% KOH) solution (see "Materials and Methods").

Table V. Sugar Linkage Composition ofthe Fraction Liberatedfrom
Maize Coleoptile Sections by the Action ofa Purified Feraxanase

(enzyme preparation E)
Sugar Linkagesa Amount

mol %
Ara t 29.2

2 1.7
3 1.5
5 7.0

Xyl t 1.5
4 6.4
2,4/3,4 41.0

Gal t 1.3
4 0.3

UA total 10.1
a Feraxanase digestion products derived from maize cell walls were

desalted, lyophilized, and subjected to methylation analysis. UA content
was estimated by the procedure ofBlumenkrantz and Asboe-Hansen (3).

Feraxanase (enzyme preparation E). Glycosidic linkages" found
in the enzyme digest are shown in Table V. The mol percentages
of the major linkages (t-ara, 5-ara, 4-xyl, and 2,4/3,4-xyl) are
similar to those found in alkaline extracted polysaccharide MAX
(cf Table II and Table IV) except that a higher percentage of 4-
linked-xylopyranosyl residues is present in the alkaline-extracted
MAX.

DISCUSSION

Several enzymes capable ofdegrading arabinoxylans have been
isolated from bacteria and fungi and used for structural analyses
of cereal cell wall xylans. Most of these enzyme preparations

4Glycosidic linkages were deduced from partially methylated alditol
acetates; 5-linked arabinofuranosyl (5-ara) indicates an arabinofuranosyl
residue with linkages at Cl and C5; terminal arabinofuranosyl (t-ara)
indicates an arabinofuranosyl residue with linkages at Cl; etc.

degraded arabinoxylans randomly, with xylose monomers and
dimers as major products (9). In addition, these enzyme prepa-
rations often showed arabinosidase activity. It is therefore diffl-
cult to analyze and interpret the degradation pattern of specific
cell wall polymers using these preparations, and new enzymes
with restricted activity on the substrates have been sought. Re-
cently, Kato and Nevins (14) isolated an endo (1 -- 4)-#-xylanase
from a B. subtilis enzyme preparation and used it for structural
analysis ofmaize cell walls. Although this enzyme liberated larger
fragments of Feraxan from maize cell walls, the recovery rate of
the enzyme digest was low: about 10% of Feraxan present. In
contrast, the new feraxanases (enzyme preparations C, D, and
E) specifically liberated most of the Feraxan (more than 70%)
present in maize cell walls. In addition, the fragments were of
high mol wt and were not comprised of monomers, dimers,
trimers, or tetramers of xylose and/or arabinose. The results of
the fractionation and structural analyses of the Feraxan frag-
ments derived from maize cell walls will be reported in subse-
quent papers of this series.
The feraxanases did not degrade Rhodymenia (1 -- 3),(1 -

4)-f3-D-xylan or larch arabino-(l -- 4)-fl-D-xylan, which are sus-
ceptible to f3-xylanases (enzyme preparations A and B). On the
other hand, the feraxanases degraded MAX and intact maize
coleoptile cell walls. Both are comprised of native substrates that
are much less susceptible to the fl-xylanases. These results suggest
that the feraxanases might recognize some unique structural
features ofMAX and Feraxan. Linkage analyses of the enzyme
hydrolyzate of MAX suggest the presence of a repeating unit
with DP of about 10 which contains glucuronosyl, arabinosyl,
and arabinosyl-(l -S. 5)-arabinosyl residues. We conclude that
these feraxanases are glucuronoarabino-(#-(l -- 4)-xylan xylano-
hydrolases with high substrate specificity for MAX. Although
the precise mode of action of these new enzymes remains to be
resolved, these data suggest that arabinosyl, (1 -. 5)-arabinosyl,
or glucuronosyl residue or some combination thereof might be
involved in the recognition site for enzyme action.
The enzymes will serve in the structural analysis of cell walls.

They also provide a means for partial digestion or modification
of cell walls without compromising other aspects of cell surface
integrity.
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