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ABSTRACT: This paper reports the first isolation from cultures of two endoxylanases secreted by Fusarium graminearum
Schwabe [teleomorph Gibberella zeae (Schweinitz) Petch]. When F. graminearum is grown on wheat bran hydrated with a
modified synthetic medium, high xylanase activity can be extracted. The two endoxylanases were identified by LC-MS/MS as the
products of genes FGSG_6445 (Genbank gene id 2788192) (xylanase 1) and FGSG_3624 (GenBank accession no. AJ863566)
(xylanase 2) with 61 and 51% sequence coverage, respectively. Both enzymes showed a pH optimum at pH 6, with xylanase 1
exhibiting a wider active pH range (5.5—9) than xlylanase 2 (5.5—7.5). Their temperature dependences were similar, >60%
between 35 and 60 °C, with optimal temperatures of 45 °C for xylanase 1 and 50 °C for xylanase 2. Kinetic studies found that
both enzymes had a lower K, for linear beachwood xylan than arabinoxylan. For xylanase 2, the V.., increased with arabinoxylan,

but decreased for xylanase 1.
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B INTRODUCTION

Fusarium head blight (FHB) causes severe damage to wheat
and barley crops each year in many regions of the world."”
Because of the economic impact, concerted efforts have been
focused on the development of FHB-resistant cultivars since
the mid-1990s. Despite this work, only a few wheat or barley
cultivars with improved resistance to FHB or DON
accumulation have been released. This can be attributed to
the small number of resistance sources/genes that are, in turn,
difficult to incorporate into commercially acceptable cultivars,
the complex genetics of FHB resistance,’ and a limited
understanding of FHB pathogenesis.”*

In the United States, Fusarium graminearum Schwabe
[teleomorph Gibberella zeae (Schweinitz) Petch] has been
identified as the primary FHB pathogen.’ It exhibits a
hemibiotrophic relationship with the host, starting out as
biotrophic, but later shifting to necrotrophic.” The necrotrophic
attack mechanism may involve the secretion of mycotoxins and
cell wall degrading enzymes.® Cell wall degrading enzymes have
long been thought to be important for the infection process’
and may represent pathogenicity or virulence factors.® The
pathogen may enter the host through openings such as glume
stomata’ or directly through epidermal cell walls using short
infection hyphae.'” As the cross-linked polysaccharides of
graminaceous cell walls are principally glucuronoarabinoxy-
lans,"" xylolytic enzymes should be of importance in this
process.

Empirical evidence for the role of xylanases (EC 3.2.1.8) in
infection has been suggested by a number of studies.
Klechkovskaya et al.'> inoculated wheat cultivars with differing
susceptibilities for F. graminearum and measured the levels of
hydrolase enzymes. They found in susceptible cultivars that the
levels of protease, cellulase, and especially xylanase activity were
considerably higher at patho%en contact sites following 15 days
of infection. Schwarz et al."® found that mature grain from
barley plants that were inoculated with F. graminearum and
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Fusarium poae in the greenhouse contained highly elevated
amounts of proteinase, endoxylanase, and an endo-f-glucanase
activity. Kang and Buchenauer'* observed the infection of
wheat spikelets using immunogold labels prepared against
cellulose, xylan, and pectin. Host cell walls in the ovary, lemma,
and rachis in direct contact with the pathogen surface had
reduced gold labeling density when compared to cell walls in
noncolonized tissues. Results of this and similar studies by the
same group have suggested F. graminearum and Fusarium
culmorum produce cellulases and xylanases during infection and
that both are involved in the infection and colonization of
wheat spikes tissues.'>"®

In studies in which cell wall degrading enzymes have been
inactivated through DNA technologies, the pathogenicity or
virulence has often not been reduced, although this may be due
to the redundancy of enzymes for these processes.'*”'® In F.
graminearum, 30 different xylanase metabolism-related genes,
including multiple xylanases, are transcribed during growth on
hop cell walls."” Proteomic studies have demonstrated the
secretion of numerous and redundant cell wall degrading
enzymes from F. graminearum when grown on plant cell walls
or in planta.***" Jenczmionka and Schafer’” and Jenczmionka
et al.”® conducted studies to elucidate the importance of cell
wall degrading enzymes during infection of wheat spikes by F.
graminearum. Urban et al. investigated the regulation of
enzymes via the Gpmkl mitogen-activated protein (MAP)
kinase pathway.** They analyzed disruption mutants of Gpmk1
that had completely lost their ability to infect wheat spikes for
their ability to produce cell wall degrading enzymes in vitro.
Although the production of polygalacturonases or amylases was
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not affected, Gpmk1 was found to regulate the early induction
of extracellular endoglucanase, xylanase, and protease activities.

Additional evidence for the role of xylanases in infection has
come from the study of endogenous inhibitors present in
cereals. The proteinaceous endoxylanase inhibitors described in
the literature belong to the Triticum aestivum xylanase inhibitor
(TAXI), the xylanase inhibiting protein (XIP), or the
thaumatin-like xylanase inhibitor (TLXI) families.**** Igawa
et al.”” showed F. graminearum induced expression of TAXI III
and TAXI IV in wheat leaves. They found that recombinant
TAXI III protein was active against xylanases of F. graminearum,
suggesting that this inhibitor may have a role in plant defense.
Dornez et al.*® later showed a 2—3-fold up-regulation of several
TAXI forms and an XIP in wheat plants that were treated with
E. graminearum ATriS. Finally, Gebruers et al.* have reported
genotypic differences in TAXI and XIP levels in grain from
different wheat types.

To date, four F. graminearum xylanase genes have been
cloned and expressed and the biochemical properties of the
proteins studied.’®*' The xylanase enzymes xylanase A and
xylanase B had calculated molecular masses of 24 and 23 kDa,
with theoretical pI values of 6.2 and 9.2, respectively. Both
enzymes were inhibited by TAXI I, but not XIP I. Xylanases C
and D had molecular masses of 34.2 and 39.7 kDa and pI values
of 8.8 and 6.7, respectively. Given the probable importance of
xylanases in the infection process, we have investigated the two
xylanases that are produced when F. graminearum is grown on
wheat bran.

B MATERIALS AND METHODS

Fungal Strain. F. graminearum strain 172 originally obtained from
barley by single-spore isolation was provided by Dr. Stephen Neate
(Department of Plant Pathology, North Dakota State University). The
stock culture was maintained on potato dextrose agar (PDA) at 4 °C.

Media and Growth Conditions. F. graminearum was cultured on
PDA (Difco) for 4—6 days at room temperature (25 + 2 °C) with an
alternating 12 h light/dark cycle. A loop of mycelia and spores from
the PDA plate was used to inoculate a 250 mL flask containing 50 mL
of synthetic medium (7.4 mM KH,PO,, 2 mM MgSO,-7H,0, 1.8 mM
CaCl,, 0.035 mM FeSO,-7H,0, 0.35 mM ZnSO,-7H,0, pH 5.0, and
0.3% peptone (w/v), pH 4.5) supplemented with 20 g/L of glucose.
This culture was grown at room temperature for 3 days with 120 rpm
agitation and was used to inoculate various media for xylanase
production.

Preliminary experiments were conducted to identify the optimal
medium for xylanase production. Initially, the media tested for
xylanase production included potato agar (PA), synthetic medium
agar, and modified synthetic medium agar. Each of these contained
1.5% agar and was supplemented with either 1% beechwood xylan
(Sigma, St. Louis, MO) or 2% hard red spring wheat bran obtained
from the North Dakota State University milling laboratory. To prepare
the potato agar, (Russet) white potatoes (200 g) were peeled, sliced,
and boiled in 1 L of water until soft. The liquid was strained through
four layers of cheesecloth and the pH adjusted to 5.0 with HCI. Fifteen
grams of agar was added to the liquid and made up to 1 L with distilled
water. Synthetic medium agar was prepared using the synthetic
medium (see above). The modified synthetic medium was made by
adding 0.2 mL of the trace elements solution (260 mM citric acid, 10
mM CuSO,-SH,0, 2 mM MnSO,-7H,0, 8 mM H;BO,, and 2 mM
Na,Mo0O,2H,0) to 1 L of synthetic medium.

Inoculated plates, 70 X 15 mM, were grown at 25 °C for 7 days with
alternating 12 h light/dark cycles. After 7 days, the agar in a single
plate, 12 mL, was sliced and extracted by placing the pieces in 15 mL
of 100 mM sodium acetate, pH 4.5, and shaking at 120 rpm for 3 h.
The solids were removed by centrifugation for 30 min at 10400g and 4
°C. This extract was then tested for xylanase activity.
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On the basis of the results from the preliminary tests described
above, we tested a solid medium consisting of wheat bran (100 g)
mixed with 100 mL of either synthetic medium, modified synthetic
medium, or water and autoclaved. Four grams of each sterile bran
preparation was placed in separate Petri dishes and inoculated with 0.2
mL of the liquid culture. The plates were grown for 5—6 days at 25 °C
with an alternating 12 h light/dark cycle. Each plate was extracted as
described above with 70 mL of 100 mM sodium acetate, pH 4.5. The
growth medium used for xylanase production throughout the rest of
the study consisted of the solid medium of wheat bran mixed with
modified synthetic medium.

Protein Determination and Xylanase Activity Assays.
Three different protein assay methods were used to determine
the protein concentration. The Lowry method®>*® was used
during studies of xylanase production on different culture
media. During the purification procedure, the Bio-Rad Quick
Start Bradford Dye reagent (Bio-Rad Laboratories, Hercules,
CA) was used. The purified proteins were measured with the
BCA Protein Assay Kit (Pierce Chemical Co., Rockford, IL).
Bovine serum albumin was used as the standard for all protein
assays.

For most applications, xylanase activity was assayed using
azo-wheat arabinoxylan according to the manufacturer’s
instructions (Megazyme, Bray, Ireland). Briefly, 40 uL of the
sample was dissolved in 260 uL of 100 mM sodium acetate
buffer, pH S, preincubated at 40 °C. To this solution, 300 L of
prewarmed substrate was added, and the sample was incubated
at 40 °C for 10 min. The reactions were terminated by
vigorously stirring in 2.5 mL of 95% ethanol. After 10 min, the
tubes were again mixed and centrifuged at 1500g for 10 min.
The absorbance of the supernatant was measured at 590 nm
against the reagent blank prepared with assay buffer instead of
enzyme solution. Trichoderma sp. xylanase (255 units/mg)
(Megazyme, Bray, Ireland) was used as the standard to measure
the xylanase activity.

In kinetic and substrate specificity studies, the amount of
reducing sugars released by the enzymes was measured by the
dinitrosalicylate (DNS) assay.** The purified enzymes were
diluted 5—10-fold with 100 mM potassium phosphate buffer,
pH 6.0, and 50 L of the diluted enzyme was added to 0.45 mL
of the prewarmed substrate, 50 °C, and 1—10 mg/mL of either
beechwood xylan (Sigma, St. Louis, MO) or arabinoxylan
(Megazyme, Wicklow, Ireland). The samples were incubated at
50 °C for S min, then 0.75 mL of the DNS reagent was added
and mixed, and the samples were placed in boiling water for 5
min. The samples were rapidly cooled in cold water and then
allowed to attemperate to room temperature, after which the
absorbance was measured at 540 nm. p-(+)Xylose (Sigma) was
used as the standard. One enzyme unit (U) was defined as
liberating 1 pmol of reducing sugars per minute.

Xylanase Isolation. F. graminearum was cultured on wheat
bran hydrated with modified synthetic medium with 4 g per
Petri dish. The crude extract was obtained by slicing the bran—
fungal mat and extracting the pieces with 100 mL of 100 mM
sodium acetate, pH 4.5, containing 38 mM 6-aminohexanoic
acid and 4 mM benzamidine (protease inhibitors) with shaking
(120 rpm) for 3 h. The supernatant was filtered through a 0.45
um nylon filter (Pall Co., East Hills, NY) and used as the
source of the xylanase. Preliminary experiments had determined
that endogenous proteases were problematic and that the
protease inhibitors listed above were effective in their
inhibition. Protease activity was determined by using Quanti-
Cleave Protease Assay Kit (Pierce Chemical Co., Rockford, IL).
The extract was stored at —20 °C for up to 1 month.
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The crude extract, 100 mL, was diluted 6-fold with 10 mM
sodium acetate, pH 5.0, and loaded onto a 75 mL (1.6 X 37
cm) SP-Sepharose Fast Flow column (GE Healthcare,
Piscataway, NJ) at a flow rate of 2 mL/min. After loading,
the column was washed with 80 mL of 20 mM sodium acetate,
pH 5.0, at a flow of 2 mL/min. The flow was changed to 1 mL/
min and the column eluted with a linear gradient from 20 mM
sodium acetate to 20 mM sodium acetate/50 mM NaCl, pH
5.0, over 20 min. The salt concentration remained at 50 mM
NaCl for 20 min and was followed by a linear gradient from 50
to 200 mM NaCl/20 mM sodium acetate, pH 5.0, over 70 min.
Two xylanases, hereafter referred to as xylanases 1 and 2, were
separated, and fractions containing activity for each xylanase
combined. Samples of each xylanase from up to three SP-
Sepharose columns were combined and concentrated to 0.5 mL
using a Centriprep YM3 (Millipore Co., Billerica, MA).

Each concentrated xylanase sample was injected into a 1.0 X
30 cm Superdex-75 column (10 X 300 mm) (GE Healthcare)
equilibrated with 100 mM sodium acetate/150 mM NaCl, pH
4.5. Active fractions of each enzyme were combined and diluted
10-fold with 20 mM sodium acetate and separated by HPLC
ion-exchange chromatography on a Shodex IEC SP-825 column
(8 X 75 mm) (Showa Denko KK, Kawasaki, Japan). The
buffers used were 20 mM sodium acetate, pH 5.0, and 20 mM
sodium acetate with 500 mM NaCl, pH 5.0. Each enzyme was
eluted at a flow of 1 mL/min with a linear gradient from 0 to 25
mM NaCl over S min followed by a linear gradient from 25 to
275 mM NaCl over 50 min.

Both xylanase enzymes were further purified by hydrophobic
interaction chromatography using a 1 mL phenyl-Separose HP
column (GE Healthcare). The sample was dissolved with an
equal volume of 20 mM sodium acetate/3 M ammonium
sulfate, pH 5.0, and then injected into the column. The column
was washed at a flow rate of 0.5 mL/min with 1.5 mL of 1.5 M
ammonium sulfate, 20 mM sodium acetate, pH 5.0. Xylanase 1
(Xyl1) was eluted with a linear gradient from 1.5 M to 750 mM
ammonium sulfate over 6 min followed by a linear gradient
from 750 to 300 mM ammonium sulfate over 30 min. Xylanase
2 (Xyl2) was eluted with a linear gradient from 450 to 0 mM
ammonium sulfate over 30 min. The active fractions for each
xylanase were combined and mixed with an equal volume of
50% glycerol/100 mM sodium acetate, pH 5.0, and stored at
—80 °C.

Biochemical Characterization of Purified Xylanases.
The relative molecular weight was determined by denaturing
SDS—polyacrylamide gel electrophoresis (SDS-PAGE)
(12%:3%) using the Bio-Rad Mini-Protean II (Bio-Rad
Laboratories, Hercules, CA)* and stained with colloidal
Coomassie blue. Bio-Rad Kaleidoscope Prestained Standards
(Bio-Rad Laboratories) were used for determination of the
relative molecular weights.

Effect of pH and Temperature. The pH dependence was
measured with the following buffers, all at 100 mM: sodium
acetate (pH 4.03, 4.51, 5.01, 5.51); MES (pH 5.52, 6.01, 6.51);
MOPS (pH 6.50, 7.02, 7.48); Tricine (pH 7.50, 7.99, 8.48);
Bicine (8.50, 9.01); and CHES (pH 9.00, 9.49). Cold enzyme
samples, 10 uL for Xyll and S uL for Xyl2, were brought to 0.3
mL with prewarmed buffer, and 0.3 mL of prewarmed azo-
wheat arabinoxylan substrate added. The samples were
incubated for 10 min at 40 °C and the reactions stopped by
adding 1.5 mL of 95% ethanol. The samples were incubated at
4 °C for 10 min to allow for precipitation and then centrifuged
at room temperature for 10 min at 1500g. The supernatants
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were removed, and the absorbance was read against the reagent
blank at 590 nm. The pH dependence was measured twice with
duplicate samples.

The pH stability was measured at pH 5.5 and 8.5. The pH
values of each of the buffers were set such that the desired pH
of 6 would be obtained after the addition of the enzymes. The
purified enzymes were incubated at room temperature (20 + 2
°C) for 0, 1, 2, and S h. At pH 5.5, S uL of the enzyme was
added to 20 uL of 100 mM MES, pH S5.75, mixed, and
incubated. The pH was adjusted to 6.0 for the xylanase activity
assay by adding 275 uL of 100 mM MES, pH 6.0. At pH 8.5, §
uL of the enzyme was added to 20 uL of 100 mM Bicine, pH
8.53, mixed, and incubated. The pH was adjusted to pH 6 by
adding 275 uL of 100 mM MES, pH 5.97, and the xylanase
activity was assayed. Assay conditions were described as above.

The temperature dependence of the activities was measured
at pH 6 with 100 mM MES. The temperature dependence of
the pK, of MES was taken into account when the buffers were
prepared such that they would be at pH 6 at the selected
temperature. A series of MES buffers were made at pH 5.95,
6.00, 6.05, 6.11, 6.17, 622, 6.27, 6.31, 6.36, 6.41, and 6.45
(measured at 20 °C) for the assay temperatures of 20—70 °C at
5° increments, respectively. Cold enzyme samples, 10 uL for
Xyll and S uL for Xyl2, were brought to 0.3 mL with the
appropriate prewarmed buffer, and 0.3 mL of prewarmed azo-
wheat arabinoxylan substrate was added. The samples were
incubated for 10 min at the indicated temperature and the
reactions stopped by adding 1.5 mL of 95% ethanol. The
samples were incubated in ice water for 10 min to allow for
precipitation and then centrifuged for 10 min at 1500g. The
supernatants were removed, and the absorbance was read
against the reagent blank at 590 nm. A nonenzyme control was
prepared at each temperature and its absorption subtracted
from the sample readings.

The temperature stability was determined by incubating the
purified enzymes in 100 mM MES, pH 6.0, at 35, S5, and 65 °C
for 5, 10, 15, and 30 min. When the buffers were prepared, the
temperature dependence of the buffer was taken into account.
Ten microliters of Xyll and S yuL of Xyl2 were brought to 0.3
mL with buffer warmed to the appropriate temperature, mixed,
and incubated for the indicated time. The assay was performed
as described previously. The experiment was performed two to
three times with duplicate samples.

Michaelis—Menten Parameters. Experiments were per-
formed twice with duplicate samples. Beechwood xylan (Sigma)
and high-viscosity wheat arabinoxylan (Megazyme, Wicklow,
Ireland) were used as substrates. Potassium phosphate buffer
(100 mM, pH 6.0) was used as the assay buffer. The
beechwood xylan substrate was made by suspending 1.0 g of
beechwood xylan in 80 mL of assay buffer (100 mM potassium
phosphate, pH 6.0) at 60 °C and stirred until boiling. The
preparation was cooled to room temperature with continuous
stirring overnight. After cooling, the total volume was brought
to 100 mL with the same assay buffer. For arabinoxylan, a 1%
stock solution was prepared using the assay buffer. Assay
solutions of 1, 2, and S mg/mL were made by diluting the stock
solutions. The reducing sugars released were assayed by the
DNS method. For kinetic studies, Xyll was diluted 40-fold and
Xyl2 was diluted 75-fold in 100 mM potassium phosphate
buffer, pH 6.0. K, and V,, were determined from a
Linewaver—Burk plot.

Mass Spectrometry. Mass spectrometry was performed at
the University of Minnesota Center for Mass Spectrometry and
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Table 1. Quantification® of Crude Xylanase Activity Extracted from F. graminearum Cultured on Various Media

medium/inducer
potato/xylan potato/bran synthetic/xylan synthetic/bran modified/xylan modified/bran
xylanase (mU/mL) 0.12 £ 0.01 0.50 + 0.02 0.53 + 0.01 111 + 0.18 0.50 + 0.02 1.10 £+ 0.10
total protein (mg/mL) 0.59 + 0.02 1.16 + 0.11 1.00 + 0.03 1.57 + 021 0.90 + 0.02 149 + 0.30
specific activity (mU/mg) 0.20 + 0.01 043 + 0.06 0.53 + 0.03 0.71 + 0.11 0.56 + 0.03 0.74 + 0.10

“Mean and standard deviation of three replications.

Proteomics (St. Paul, MN). The purity of the isolated xylanases
was checked by SDS-PAGE and stained with colloidal
Coomassie blue. The bands were excised from the gel, trypsin
digested, and injected into a Qstar ESI-MS/MS mass
spectrometer. Fragments were identified by Scaffold (Proteome
Software, Portland, OR) using both Sequest and X!Tandem
database searching.

B RESULTS AND DISCUSSION

Development of Culture Condition for Xylanase
Production. Several culture conditions were explored to
determine the optimal medium for xylanase production (Table
1). Three media were used, each supplemented with either 1%
beechwood xylan (w/v) or 2% wheat bran (w/v). The lowest
total xylanase production and specific activity were observed in
the medium containing potato extract supplemented with xylan.
When the potato extract medium was supplemented with wheat
bran, the total production increased 4-fold, and both the
specific activity and total protein doubled. Synthetic medium
supplemented with xylan produced as much activity as bran-
supplemented potato extract medium. When bran was added to
the synthetic medium, the specific activity increased 1.5-fold
relative to the xylan-supplemented synthetic medium. The
modified synthetic medium gave results similar to the synthetic
medium when supplemented with either xylan or wheat bran.
In general, bran-supplemented media produced on average
twice the total activity and increased the specific activity by 1.5-
fold over xylan-supplemented media.

From these results, it was clear that the bran provided the
best induction of xylanase production. We therefore inves-
tigated growing F. graminearum directly on bran hydrated with
various media (water, synthetic medium, and modified
synthetic medium) and extracting the activity from the bran
by soaking it in buffer (Table 2). This approach produced a

Table 2. Quantification® of Crude Xylanase Activity
Extracted from F. graminearum Cultured on Wheat Bran-
Based Media

additional component

synthetic modified
water medium medium
xylanase (mU/mL) 4719 + 127 420.6 + 219 6783 + 17.7
total protein (mg/mL) 4222 + 162 198.7 + 14.9 409.7 + 15.6
specific activity L.11 + 0.08 2.11 + 0.05 1.66 + 0.19

(mU/mg)

“Mean and standard deviation of three replications.

400—600-fold increase in total activity, with the modified
synthetic medium producing the greatest amount. Bran
hydrated with the modified synthetic medium was chosen for
further xylanase production.

Purification of the Xylanases. The above extracts
contained a substantial level of protease activity. Using a
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protease inhibitor panel (Sigma), it was determined that the
majority of the protease activity was inhibited by adding 38 mM
6-aminohexanoic acid (chymotrypsin and lysine carboxy
peptidase protease inhibitor) and 4 mM benzamidine
(trypsin-like and serine protease inhibitor). These inhibitors
were added during extraction and to the active fractions after
low-pressure ion-exchange and gel filtration chromatography.
The two major xylanases present in the extracts were
concentrated and separated by the first cation exchange column
(Figure 1). The xylanases eluted from the column at

2.0
—Pézsod o B
0.4 onductivity B L1 s
ol
503 A 1.0 2
< :
0.21 J\/ . [05E
— e =]
444444 e o
0.14-—- - 0.0
00 20 40 60 80 100 120
Time (min)

Figure 1. Low-pressure cation exchange chromatography of the crude
extract. One hundred milliliters of diluted crude extract was loaded
onto a SP-Sepharose Fast Flow column and eluted with a NaCl
gradient. The horizontal lines indicate the time at which xylanase 1 (A)
and xylanase 2 (B) eluted.

approximately 80—104 mM for Xyll and from 112—152 mM
NaCl for Xyl2. Separating the xylanases at this point resulted in
the best purification (Table 3), and all subsequent steps were
performed separately for each enzyme.

The active fractions for each xylanase were combined,
concentrated to 0.5 mL, injected onto a Superdex-75 column,
and eluted at a flow of 0.5 mL/min. Xylanase 1 eluted from 24
to 27 min, whereas Xyl2 eluted between 30 and 33 min (Figure
2A,D). This gel filtration step was effective in removing the
bulk of the contaminating protein (Table 3). Combined active
fractions from gel filtration were diluted 10-fold with 20 mM
sodium acetate, pH 5, and loaded onto the HPLC cation
exchange column at a flow of 1 mL/min. Xyll eluted between
75 and 90 mM, and Xyl2 between 172 and 187 mM NaCl
(Figure 2B,E). SDS-PAGE of the samples following cation
exchange HPLC indicated the presence of a small amount of
contamination (data not shown), and phenyl-Sepharose HR
hydrophobic interaction chromatography was employed to
remove the last contaminants. Xyll eluted at high ammonium
sulfate concentrations, from 650 to 560 mM, whereas Xyl2
eluted between 385 and 345 mM (Figure 2C,F). The purified
proteins each exhibited a single band in SDS-PAGE (Figure 3).
The isoelectric point of both xylanases was determined to be
greater than pH 8.5 (data not shown).

The estimated molecular weights were 41000 for Xyll and
17000 for Xyl2. Predicted molecular weights for these proteins
are 37200 and 22600, respectively. ESI-MS/MS of the
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Table 3. Purification of Xylanases 1 and 2 from F. graminearum

purification step vol (mL) total activity (U/mL)
xylanase 1
diluted extract 3600 137
SP-Sepharose 0.5 104.6
Superdex 75 0.9 8.8
SP-HPLC 2 3.6
phenyl-Sepharose HPLC 15 5.8
xylanase 2
diluted extract 3600 137
SP-Sepharose 0.52 203.2
Superdex 75 12 13.8
SP-HPLC 2.5 3.7
phenyl-Sepharose HPLC LS 3.5

total protein (mg) specific activity (U/mg) purity (fold) recovery (%)

221.8 0.62 1.00 100
1.09 9.6 15.47 7.6
0.46 19.3 31 6.4
0.1 35.1 56.5 2.4
0.07 77.8 125 42

221.8 0.62 1.00 100
1.09 18.6 30 14.8
0.15 90.2 49 10
0.03 109.7 176 2.7
0.02 166.6 268 2.6

30 20 40 60 20 40 60
Time {min) Time (min} Time {min)
_ E T F
AAggy= 0.2 AAggy= 0.1
! | [ o] [ | !
10 30 50 20 40 60 20 40 60
Time (min} Time (min) Time {min)

Figure 2. Purification of xylanases 1 (A—C) and 2 (D—F) by gel
filtration, HPLC cation exchange, and HR-phenyl-Sepharose hydro-
phobic interaction chromatography. In all panels the active fractions
are indicated by the horizontal bars. (A, D) The concentrated sample
was separated on a Superdex-75 column. (B, E) Combined active
fractions from the gel filtration column were injected into the Shodex
IEC SP-825 cation exchange column and eluted at a flow rate of 1 mL/
min. (C, F) The active fractions from the HPLC cation exchange
chromatography were separated on a HR-phenyl-Sepharose column.

undigested Xyl2 gave two major peaks at masses of 20974 and
20846 Da. This difference in mass of 128 Da is equivalent to

Figure 3. SDS-PAGE of the purified xylanases. Purified xylanases were
separated on a 12:3 polyacrylamide gel as described by Schigger and
Von Jagow,*® electrophoresed for 1 h, and stained with colloidal
Coomassie blue. Lanes: 1, Bio-Rad Kaleidoscope standards; 2, empty;
3, xylanase 2; 4, xylanase 1.
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the mass of lysine or asparagine, suggesting that proteolysis had
occurred during the purification even though protease
inhibitors were present throughout the purification process.
Given below are the first 40 amino acids of FGO 3456. The
signal sequence is predicted to be cleaved between A19 and
A20. Assuming our conjecture that the amino acid being
cleaved between the two forms is a lysine or an arginine, we
should obtain the measured molecular weight by digesting the
protein to an arginine or lysine. Doing so with the carboxyl
terminal resulted in a protein that is smaller than measured. If
the N-terminal amino acids up to K37 are removed, the
measured molecular weight (20794.91) is obtained, and
removal of K37 gives the second molecular weight measured.

MVSFTYLLAA VSAVTGAVAA PNPTKVDAQP PSGLLEKRTS

Fusarium sp. are known to Produce large amounts of
proteases when grown on cereals.'**® During development of
the purification method, Xyl2 was not observed until the
addition of high concentrations of protease inhibitors,
suggesting that this enzyme is more sensitive to proteolysis.
During ion exchange chromatograpy, the protease inhibitor
concentration had to be lowered by dilution so that the
proteins would bind to the ion exchange column. Protease
inhibitors were added to the samples after each chromato-
graphic step.

Table 3 shows the purification of the enzymes after each
chromatographic step. Overall, the specific activity increased
from 0.62 to 77.8 U/mL for Xyll and to 166.6 U/mL for Xyl2.
This represents 125- and 268-fold purifications of Xyll and
Xyl2 with recoveries of 4.2 and 2.6% of the initial activity,
respectively.

Characterization of the Enzymes. Identification of the
xylanases was accomplished through trypsin digestion followed
by LC-MS/MS. The fragments sequenced were consistent with
the identification of Xyll as the product of the gene
FGSG_6445 (GenBank gene id 2788192) and Xyl2 of the
gene FGSG_3624 (GenBank accession no. AJ863566). The
MS data provided coverages of 61% (20 different peptides) for
Xyll and 51% (8 different peptides) for Xyl2. A search of the
literature showed that the enzyme encoded by FGSG_3624
had been previously cloned and characterized,”® but the enzyme
encoded by FGSG_6445 had not been previously studied.
Because the previous work was from a cloned enzyme, we felt
that characterization and comparison of the isolated enzyme to
the cloned enzyme would be useful.

This is the first reported purification of two endoxylanases
from F. graminearum cultures. To date, four xylanases have
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been cloned and purified,*>*' and none of the 11 putative

xylanases or related genes (F. graminearum Genome Database)
have been purified from the fungal source. In proteomic
experiments, six of the xylanases have been reported.”**' In
experiments using quantltatlve PCR, transcripts of four of the
xylanases were identified.'”” The two xylanases purified here
were identified in all three studies. In the work by Hatsch et
al," the level of mRNA for the gene FGSG_3624 was the
highest of the enzymes reported, and the level of RNA from
FGSG_6445 was the fourth highest. This suggests that these
are the predominant xylanases produced during growth on cell
walls. In support of these results, we found wheat bran to be the
best inducer of xylanase activity. Bran comprises the pericarp,
seed coat, and aleurone tissues and is composed largely of the
cell wall polysaccharides arabinoxylan and cellulose.

The pH dependence of the two xylanases is shown in Figure
4A,C. Xyl1 (panel A) was active over a wide pH range, from pH
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Figure 4. pH and temperature dependences of xylanase 1 (A, B) and 2
(C, D) activities. (A, C) The enzymes were diluted into 100 mM of
buffer at the pH indicated and incubated at 40 °C for 10 min. The
buffers used were (@) sodium acetate, (A) MES, (O) MOPS, (V)
Tricine, (M) Bicine, ((0) CHES. (B, D) Activities were measured in
100 mM of MES buffer, pH 6.0, at the indicated temperature and
incubated with the substrate.

S to 9, with the activity dropping steeply outside these pH
values. The optimal pH for the activity was pH 6, but it varied
by only approximately 20% over pH 5.5—9. Xyl2 (panel C) was
most active over a narrow pH range, from 5.5 to 7.5, with an
optimal pH of 6. The activity decreased rapidly below pH 5.5,
but decreased more slowly above pH 7.5. The pH stability of
the enzymes was tested at the edges of the active range, pH 5.5
and 8.5. At these pH values, both enzymes were relatively
stable, losing only approximately 20% of their activity over S h
(data not shown).

The temperature dependence of these enzymes is shown in
panels B (Xyl1) and D (Xyl2) of Figure 4. For both enzymes,
the highest activity was between 45 and 55 °C, with each
showing a dramatic increase in activity (20—80%) between 30
and 40 °C. The activity for both enzymes decreased above S5
°C, with only 10—20% present at 70 °C.

Figure S presents the temperature stability of the two
xylanases. Xyl2 showed little to no loss in activity when
incubated at 35 °C for 1 h. At 55 °C, the loss was 40% over 60
min. The curve indicates that the rest of the activity decreased
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Figure 5. Temperature stability of the xylanase activities. The enzymes
were added to 100 mM MES, pH 6.0, temperature compensated, and
incubated at the indicated temperature and duration. The samples
were then cooled to 40 °C, and the activity was measured.

very slowly after the initial 60 min. At 65 °C, the activity was
completely absent after 10 min, with half the activity being lost
after 5 min. Xyll was more temperature-sensitive, losing 25—
30% of the activity after 60 min at 35 °C. The loss in activity
occurred over the first 40 min, and the remaining activity
appeared to be stable. At 55 °C, the activity decreased to only
30—35% of the original activity after 60 min. As in the case of
Xyl2, the activity of Xyll was completely absent after 10 min at
65 °C.

Xyl2 purified here is the same as XylB of Belién et al.>° They
found that the Escherichia coli-expressed enzyme had a
temperature optimum of 30 °C and a pH optimum of 7. The
pH optimum was narrow, with 40% of the activity remaining at
pH S and 8.5. The results obtained here for this enzyme
purified from cultures show a much higher temperature
optimum of 50 °C and a lower pH optimum of 5.5.

Four xylanases have been purified from Fusarium oxysporum
F3 with molecular masses of 60, 38, 23.5, and 20.8 kDa*"~*°.
The 20.8, 23.5, and 38 kDa xylanases were basic proteins (pI
values from 8.5 to 9.5) and were in the F10 and G11 families of
xylanases. The optimum temperature for the 20.8 and 23.5 kDa
xylanases was 45 °C, whereas that for the 38 kDa protein was
55 °C. The pH optimum of both the 20.8 and 23.5 kDa
xylanases was 6.0. Belién et al.*® used 250 mM buffer in their
experiments, whereas in this study and those on F. oxysporum
F3, measurements were made at 100 mM buffer. In preliminary
experiments, we noticed a significant change in the activity at
pH 6 as the ionic strength of the buffer was changed by the
addition of various salts (MgCl,, NaCl, KCl) (unpublished
results). Therefore, the difference in the buffer concentration
between the studies could explain differences in the observed
pH and temperature profiles.

The substrate specificity was studied using both beechwood
xylan and high-viscosity arabinoxylan as substrates. The K, and
Vinax values obtained with xylan and arabinoxylan are given in
Table 4 along with reported values from several species. The
Vinax Values obtained for Xyll and Xyl2 are within the reported
values, whereas the K, values are lower than most. The low K,
values suggest that these enzymes have a relatively high affinity
for xylan and bind to it tightly.

Lower K, values were observed for both xylanases when
xylan was used as a substrate, suggesting it as the preferred
substrate. These results were not unexpected as substitution of
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Table 4. K, and V,,,, Values for Xylanases from Various Organisms

organism enzyme substrate
F. graminearum Xyll xylan
arabinoxylan
F. graminearum Xyl2 xylan
arabinoxylan
Aspergillus veriscolor*' xylan
Penicillium capsulatum* xylan
Rhizopus oryzae® xylan
Aspergillus niveus* xylan

K, (mg/mL) Vinax (#mol/min-mg protein)

0.86 159
1.7 12.4
0.44 18.4
523 61.7
23 1.44

20.18 157

18.5 90
2.5 26

the xylose backbone with arabinose is known to cause steric
hindrance of endoxylanases.** In addition, the outer tissues of
cereal grains (e.g,, pericarp, lemma, and palea) show a lesser
degree of substitution with arabinose than the inner tissues
(e.g, aleurone or endosperm cell walls).”® Nevertheless,
endoxylanases are key components in the degradation of
arabinoxylans. Complete degradation of xylans to mono-
saccharides requires additional enzymes, such as arabinofur-
anosidase and xylobiase.

Inhibition of the xylanases by TAXI and XIP was evaluated
by the Laboratory of Food Chemistry and Biochemistry at the
Catholic University Leuven (Belgium) by Belién et al. using
previously reported methods.*® Their work confirmed that Xyl2
is inhibited 90% by TAXI, but is not significantly inhibited by
XIP (Jan Delcour, personal communication). Xyll was tested
only with XIP and was not inhibited by this protein. These
results are consistent with those reported by Pollet et al., with
the family 11 xylanases A and B being inhibited bg TAXI and
the family 10 xylanases C and D inhibited by XIP.*" TLXI has
been shown to be effective against some family 11 xylanases by
Fierens et al,, but it was not tested against xylanases from F.
graminearum.46

The results of this study clearly demonstrated that the
growth of F. graminearum induced the production of significant
amounts of the two xylanases purified here. F. graminearum is
an important disease of wheat and barley, and the isolation of
these enzymes from wheat bran indicates their importance in
the colonization process. As the lemma, palea, and pericarp of
both wheat and barley are rich in arabinoxylans, production of
these xylanases during penetration and colonization would be
anticipated. The significant susceptibility of Xyl2 to proteolysis
was not expected and may have an impact on its role in fungal
growth on plants because proteases are secreted simultaneously
with the xylanases. The proteins isolated in this study can be
used to prepare antibodies to aid in the histological
investigation of the role that xylanases play in penetration.
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