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Endo-�-1,4-xylanases hydrolyze arabinoxylan, a major constituent of

cereal cell walls, and are nowadays widely used in biotechnological

processes. Puri®ed complexes of family 11 xylanases from Aspergillus

niger and Bacillus subtilis with TAXI I, a TAXI-type xylanase

inhibitor from Triticum aestivum L., were prepared. In both cases the

complex was crystallized using the hanging-drop vapour-diffusion

method. The needle-like crystals of TAXI I in complex with A. niger

xylanase belong to the trigonal space group P31 or P32, with unit-cell

parameters a = b = 88.43, c = 128.99 AÊ , and diffract to 1.8 AÊ

resolution. TAXI I in complex with B. subtilis xylanase crystallizes in

the monoclinic space group C2, with a = 107.89, b = 95.33, c = 66.31 AÊ ,

� = 122.24�. Complete data sets were collected for both crystal types

using synchrotron radiation.
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1. Introduction

Endo-�-1,4-xylanases (also referred to as

endoxylanases or xylanases; EC 3.2.1.8) are

classi®ed mainly into two glycoside hydrolase

families based on amino-acid sequence simi-

larities (Henrissat, 1991; http://afmb.cnrs-mrs.fr/

~cazy/CAZY/). Family 10 xylanases are char-

acterized by a TIM-barrel (�/�)8 topology and

molecular weights higher than 30 kDa, while

those of family 11 are lower molecular-weight

proteins of approximately 20 kDa and have a

�-jelly-roll structure. Xylanases are produced

by microorganisms and several plants, where

they play an important role in the breakdown

of the hemicellulose of cell walls. They are

endo-acting and hydrolyse �-1,4-linkages

between the d-xylosyl residues in xylan and

arabinoxylan, releasing (arabino)xylo-oligo-

saccharides of different lengths (Biely et al.,

1997; Kulkarni et al., 1999). Microbial xylan-

ases are frequently used to modify the func-

tionality of (arabino)xylan in feed (Bedford &

Schulze, 1998) and food applications, such as

breadmaking (Courtin et al., 1999) and wheat

gluten/starch separation (Christophersen et al.,

1997), and in other biotechnological processes,

such as paper and pulp biobleaching (Kulkarni

et al., 1999).

In this context, an important recent devel-

opment is the discovery of proteinaceous

xylanase inhibitors in cereals such as wheat

(Triticum aestivum L.), durum wheat (T. durum

Desf.), barley (Hordeum vulgare L.) and rye

(Secale cereale L.) (Debyser et al., 1997;

Debyser, 1999), which may affect the func-

tionality of the xylanases in the above-

mentioned processes and applications. To date,

two distinct types of endoxylanase inhibitors

have been identi®ed in cereals: TAXI-type

(T. aestivum xylanase inhibitor; Debyser &

Delcour, 1998; Gebruers et al., 2001; Goesaert

et al., 2001) and XIP-type (xylanase-inhibiting

protein; McLauchlan et al., 1999; Gebruers,

Brijs et al. 2002; Elliott et al., 2003) inhibitors.

The TAXI-type inhibitors have a molecular

weight of �40 kDa and a basic pI. Some

cereals, such as wheat, contain two different

types of TAXI proteins, i.e. TAXI I-type and

TAXI II-type xylanase inhibitors, which show

very high sequence homology but differ from

one another in pI (8.9 and at least 9.3,

respectively) and xylanase speci®city (Ge-

bruers et al., 2001). Both TAXI-type xylanase

inhibitors speci®cally inhibit bacterial and

fungal family 11 xylanases. While TAXI I

inhibition activity does not seem to depend on

the pI of the xylanases, TAXI II inhibition of

family 11 enzymes with low pI values is weak

or absent (Gebruers et al., 2001). The XIP-type

inhibitors are monomeric glycosylated proteins

with pI values of 8.7±8.9 and molecular weights

of 29±32 kDa (McLauchlan et al., 1999;

Gebruers, Brijs et al., 2002; Payan et al., 2003).

They inhibit family 10 as well as family 11

xylanases, as long as they are of fungal origin

(Flatman et al., 2002). There is no sequence

homology between the TAXI-type and XIP-

type endoxylanase inhibitors.

Recent studies on the molecular identi®ca-

tion, isolation and characterization of the

TAXI I gene, together with screening of the

available wheat EST libraries, shows that

TAXI genes are expressed in different tissues
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at different stages of plant development and

under plant stress conditions (Fierens et al.,

2003). Furthermore, TAXI I shares a high

sequence similarity with EDGP (extra-

cellular dermal glycoprotein; Satoh et al.,

1992) and XEGIP (xyloglucan-speci®c

endoglucanase inhibitor protein; Qiang et

al., 2003), both of which have been

suggested to be plant defence proteins, in

carrot and tomato, respectively. Hence,

TAXIs belong to a newly identi®ed class of

plant proteins for which a function as plant

protective microbial glycoside hydrolase

inhibitors has been suggested (Fierens et al.,

2003).

In order to facilitate the study of the

inhibitory mechanisms and the pI-depen-

dent endoxylanase speci®cities of the TAXI-

type endoxylanase inhibitors, a crystallo-

graphic study of TAXI I in complex with

Aspergillus niger xylanase (pI = 3.5) and

TAXI I in complex with Bacillus subtilis

xylanase (pI = 9.3) has been undertaken.

Here, we describe the crystallization and

preliminary diffraction analysis of both

protein±protein complexes.

2. Experimental

2.1. Purification

TAXI I was puri®ed from wheat whole-

meal (cv. Soissons) as previously described

in more detail by Gebruers, Goesaert et al.

(2002). Pure A. niger family 11 xylanase was

obtained from Megazyme (Bray, Ireland),

while B. subtilis family 11 xylanase was

puri®ed from the Grindamyl H 640 enzyme

preparation from Danisco (Brabrand,

Denmark). To this end, portions of the

enzyme preparation (20.0 g) were extracted

for 2 h at room temperature with 200 ml

25 mM sodium acetate buffer pH 4.0. The

extracts were dialysed against the same

buffer (18 h, 280 K) and subsequently

centrifuged (10 000g, 30 min, 280 K). The

xylanase was puri®ed from the supernatant

by cation-exchange chromatography on an

SP Sepharose Fast Flow column (26 �
300 mm; Amerham Biosciences, Uppsala,

Sweden) at pH 4.0 (using the same buffer)

using a gradient of 0.0±0.5 M NaCl in

800.0 ml at a ¯ow rate of 5.0 ml minÿ1. 10 ml

fractions were collected, screened for xyla-

nase activity using the Xylazyme-AX

method (Megazyme, Bray, Ireland) and

analysed by SDS±PAGE in order to assess

the purity of the enzyme. Xylanase fractions

with high purity were pooled, dialysed

against deionized water and ®nally freeze-

dried.

In order to prepare the inhibitor±xylanase

complexes, 4.0 mg TAXI I was incubated at

room temperature for 30 min with an excess

amount of A. niger or B. subtilis xylanase

(20.0 mg). The inhibitor and enzyme were

dissolved in 5.0 ml 25 mM sodium acetate

buffer pH 4.5. The inhibitor±enzyme

mixture was then loaded onto a MonoS HR

5/5 column (Amerham Biosciences) equili-

brated with the same buffer. Elution was

performed with a 0.0±0.4 M NaCl gradient in

30 ml at a ¯ow rate of 1.0 ml minÿ1. 0.5 ml

fractions were collected and analyzed by

SDS±PAGE. Those containing enzyme as

well as inhibitor were pooled.

2.2. Crystallization and X-ray diffraction

study

Prior to crystallization trials, the protein

solution was further concentrated to

approximately 10 mg mlÿ1 by ultra®ltration

using a Microcon concentrator (Amicon)

with a 3 kDa cutoff. To determine

initial crystallization conditions, Hampton

Research Crystal Screens I and II (Jancarik

& Kim, 1991; Cudney et al., 1994) were

applied with hanging-drop vapour-diffusion

geometry using Linbro multiwell tissue

plates stored at 277 K. Each well was ®lled

with 700 ml of reservoir solution and drops

consisting of 1.5 ml protein solution and

1.5 ml of reservoir solution were placed on

cover slips and set to equilibrate against

these reservoir solutions. Conditions

favouring crystal growth were optimized

using different buffers, pH, precipitant,

storage temperature and additives.

Diffraction data were collected at the

ID14-1 beamline (ESRF, Grenoble) with a

ADSC Q4R CCD detector. The experiments

were performed at 100 K using a stream of

nitrogen gas (Oxford Cryosystems Cryo-

stream). Crystals of both inhibitor±enzyme

complexes cryoprotected by soaking for 30 s

in the appropriate crystallization condition

to which 20% of glycerol had been added

were mounted in cryoloops and ¯ash-cooled

by plunging into liquid nitrogen. All data

were processed using MOSFLM 6.2.2

(Leslie, 1992) and SCALA 4.2 (Collabora-

tive Computational Project, Number 4,

1994).

3. Discussion

3.1. TAXI I in complex with A. niger

xylanase

After optimization, a solution containing

0.25 M magnesium acetate, 17%(w/v) poly-

ethylene glycol 8000 and 0.1 M sodium

cacodylate buffer pH 6.5 yielded good

needle-like crystals. Crystals, as shown in

Fig. 1, appeared after approximately one

week. To verify whether TAXI I and A. niger

xylanase were present, some crystals were

dissolved and analyzed by SDS±PAGE.

Bands corresponding to both proteins could

be clearly recognized.

Figure 1
Needle-like crystals of TAXI I in complex with
A. niger family 11 endoxylanase. The typical size of
diffraction-quality crystals is approximately 0.8 � 0.2
� 0.2 mm.

Figure 2
A typical diffraction pattern from a crystal of TAXI I
in complex with A. niger family 11 endoxylanase
obtained using 0.5� oscillation and 10 s exposure on
an ADSC Q4R CCD detector at the ID14-1 beamline
at the ESRF. The diffraction limit at the edge of the
image was 1.8 AÊ .

Table 1
Data-collection and reduction statistics.

Values in parentheses are for data in the highest
resolution shell.

TAXI I±
A. niger
xylanase

TAXI I±
B. subtilis
xylanase

Space group P31 or P32 C2
Wavelength (AÊ ) 0.934 0.934
Resolution limit (AÊ ) 1.8 (1.90±1.80) 2.50 (2.64±2.50)
Total observations 623496 51556
Unique re¯ections 104587 (15228) 20136 (2965)
Redundancy 5.96 2.56
Completeness

All data (%) 100 (99.9) 98.0 (98.0)
I > 2�(I) (%) 89.1 (69.2) 86.7 (65.2)
hI/�(I)i 9.3 (4.2) 8.5 (3.8)
Rsym (%) 5.0 (17.5) 5.8 (20.1)
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A complete data set to a resolution of

1.8 AÊ was collected (Fig. 2). The space group

was assigned as P31 or P32, with unit-cell

parameters a = b = 88.43, c = 128.99 AÊ .

Further statistics are summarized in Table 1.

According to Matthews coef®cient calcula-

tions (Matthews, 1974), the asymmetric unit

should consist of two inhibitor±enzyme

complex molecules, with a corresponding

VM of 2.4 AÊ 3 Daÿ1 and a solvent content of

48.9%. Structural analysis of this complex

using the molecular-replacement method is

currently in progress. To this end, the

structures of TAXI I (Sansen et al., 2003)

and A. niger xylanase (PDB code 1ukr;

Krengel & Dijkstra, 1996) will serve as

templates in rotation and translation

searches.

3.2. TAXI I in complex with B. subtilis

xylanase

Initial crystallization trials were not

successful. Only when the storage tempera-

ture was changed to 293 K did small crystals

grow in mother liquor containing 25%(w/v)

polyethylene glycol 4000, 0.22 M ammonium

sulfate and 0.1 M sodium acetate buffer pH

4.6 (Fig. 3). The crystals reached maximum

dimensions after approximately three weeks.

The presence of both inhibitor and enzyme

was again con®rmed by SDS±PAGE

analysis. A complete data set could be

collected to a resolution limit of 2.5 AÊ

(Fig. 4). Crystals belong to the monoclinic

space group C2, with unit-cell parameters

a = 107.89, b = 95.33, c = 66.31 AÊ , �= 122.24�.
Further statistics are summarized in Table 1.

The packing density for one inhibitor±

enzyme complex molecule in the asymmetric

unit of these crystals is 2.6 AÊ 3 Daÿ1, corre-

sponding to an approximate solvent content

of 51.7%, a reasonable value for globular

proteins (Matthews, 1974). The TAXI I

model, together with the B. circulans

xylanase structure (PDB code 1c5h; Joshi et

al., 2001) will be used in molecular-replace-

ment searches in order to obtain an initial

model of this protein±protein complex.
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