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Abstract  23 

Thaumatin-like xylanase inhibitors (TLXI) are recently discovered wheat proteins. They 24 

belong to the family of the thaumatin-like proteins and inhibit glycoside hydrolase family 25 

11 endoxylanases commonly used in different cereal based (bio)technological processes. 26 

We here report on the biochemical characterisation of TLXI. Its inhibition activity is 27 

temperature and pH dependent and shows a maximum at approximately 40 °C and pH 5.0. 28 

The TLXI structure model, generated with the crystal structure of thaumatin as template, 29 

shows the occurrence of five disulfide bridges and three β-sheets. Much as in the structures 30 

of other short-chain thaumatin-like proteins, no α-helix is present. The circular dichroism 31 

spectrum of TLXI confirms the absence of α-helices and the presence of antiparallel β-32 

sheets. All ten cysteine residues in TLXI are involved in disulfide bridges. TLXI is stable 33 

for at least 120 min between pH 1 and pH 12 and for at least 2 hr at 100 °C, making it much 34 

more stable than the other two xylanase inhibitors from wheat, i.e. Triticum aestivum 35 

xylanase inhibitor (TAXI) and xylanase inhibitor protein (XIP). This high stability can 36 

probably be ascribed to the high number of disulfide bridges, much as seen for other 37 

thaumatin-like proteins.  38 
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1. Introduction  45 

Endo-1,4-β-D-xylanases (EC 3.2.1.8, further referred to as xylanases) are key enzymes in 46 

the degradation of (arabino)xylan, an important constituent of plant cell walls. In planta, 47 

xylanases are mainly responsible for cell wall remodelling and cell wall degradation upon 48 

germination. The best studied xylanases are however of bacterial and fungal origin. While 49 

saprophytic micro-organisms use xylanases as part of their toolbox to make nutrients 50 

available, pathogenic micro-organisms produce these enzymes to degrade plant cell walls, 51 

facilitating the invasion of plant cells [1]. In addition to their role in nature, xylanases are 52 

applied in e.g. cereal processing and paper and pulp production. They are nowadays often 53 

present in bread improvers, as they beneficially affect bread volume and processability of 54 

doughs [2]. They can also be applied in beer production [3], animal feeds [4] and wheat 55 

gluten-starch separation processes [5, 6]. The majority of the xylanases belong either to 56 

glycoside hydrolase family 10 (GH10) or to the structurally unrelated glycoside hydrolase 57 

family 11 (GH11) [7].  58 

In 1997, the occurrence of xylanase inhibiting proteins in wheat was discovered. Since 59 

then, three types of wheat endogenous xylanase inhibitors have been described, i.e. 60 

Triticum aestivum xylanase inhibitor (TAXI) [8], xylanase inhibitor protein (XIP) [9], and 61 

thaumatin-like xylanase inhibitor (TLXI) [10].   62 

TAXI type inhibitors are basic proteins (pI ≥ 8.0) that occur in two molecular forms, A and 63 

B. Form A consists of one single polypeptide chain with a Mr of approximately 40,000, 64 

while form B is made up of two peptide chains; one with a Mr of approximately 29,000 is 65 

linked to the other with a Mr of approximately 11,000 by one single disulfide bridge 66 

(Cys167TAXI-Cys378TAXI). Form B is derived from form A in planta, possibly by the action 67 
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of specific proteases [8]. TAXI proteins consist of two β-barrel domains with a few helical 68 

segments divided by an extended cleft. They have a close structural relationship with the 69 

pepsin-like family of aspartic proteases. They contain six disulfide bridges and are 70 

glycosylated to a minor extent [11]. In general, TAXI-type inhibitors are competitive 71 

inhibitors of bacterial as well as fungal GH11 xylanases.  72 

Wheat XIP proteins have a Mr of approximately 30,000 and an apparent pI value of 8.8-9.2.  73 

These glycosylated proteins have a single elliptical (β/α)8 scaffold, the top of which is 74 

decorated by loops arranged to form a long depression running along one face of the 75 

molecule [12]. XIP can inhibit fungal xylanases from both GH10 and GH11 in a 76 

competitive manner [13], with some exceptions [14, 15]. In addition, the three dimensional 77 

structures of XIP in complex with a GH11 xylanase from Penicillium funiculosum (XPF), 78 

on the one hand, and with a GH10 xylanase from Aspergillus nidulans, on the other hand, 79 

show a 1:1 complexation ratio for both enzymes and two distinct binding sites. It is hence 80 

tempting to hypothesise that complexation with both GH10 and GH11 xylanases can occur 81 

at the same time [13, 16].  82 

TLXI, the most recently discovered xylanase inhibitor, is a glycosylated thaumatin-like 83 

protein with a Mr of approximately 18,000 and a basic pI value (> 9.3). It is a non-84 

competitive inhibitor which operates by a slow-tight binding inhibition mechanism. TLXI 85 

is generally active towards GH11 xylanases with low pH optima. No inhibition activity was 86 

observed against a number of GH10 xylanases [10].  87 

Although their direct role remains to be demonstrated, increasing evidence suggests that 88 

cereal xylanase inhibitors play a role in the plant’s defence mechanism against pathogens 89 

[17]. TAXI and/or XIP inhibit GH 11 xylanases of the phytopathogens Fusarium 90 
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graminearum and Botrytis cinerea [15, 18], and both TAXI and XIP genes are induced by 91 

pathogens and wounding [19, 20]. In addition, a regulatory role in plant development is 92 

disaffirmed by their distinct specificity towards xylanases of microbial origin and their lack 93 

of activity against endogenous xylanases [14, 21]. Moreover, it was recently demonstrated 94 

that xylanase action is indispensable in the infection of plants by the pathogen B. cinerea 95 

[22].  96 

For TLXI, a 3D structural model was generated based on the crystal structure of thaumatin, 97 

using MOE (The Molecular Operating Environment). This model was used on the one hand 98 

to support biochemical properties of TLXI (this report) and to determine key residues in the 99 

interaction of TLXI with xylanases [23]. Mutational studies of selected surface exposed 100 

residues revealed His22 of TLXI to play a critical role in the inhibition of a GH11 xylanase 101 

from Trichoderma longibrachiatum (XTL1) [23]. The present study provides insight into 102 

the TLXI 3D structural features, its stability and optimal working conditions. 103 

 104 

2. Experimental  105 

2.1 Materials 106 

All reagents were from Sigma-Aldrich (Bornem, Belgium) and of analytical grade, unless 107 

specified otherwise. All electrophoresis and chromatography media and Mr markers were 108 

from GE Healthcare (Uppsala, Sweden), unless specified otherwise. Two T. 109 

longibrachiatum (also known as T. reesei) GH11 xylanases [pI 5.5 (XTL1) (NCBI 110 

accession number CAA49294) and pI 9.0 (XTL2) (NCBI accession number CAA49293)], 111 

Aspergillus niger GH11 xylanase (XAN) (NCBI accession number CAA01470), 112 
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Trichoderma viride GH11 xylanase (XTV) (NCBI accession number CAB60757) and 113 

Xylazyme-AX tablets were from Megazyme (Bray, Ireland). P. funiculosum GH11 114 

xylanase (XPF) (NCBI accession number CAC15487) and GH10 xylanase from 115 

Aspergillus oryzae (XAO) (NCBI accession number BAA75475) were provided by Dr 116 

Nathalie Juge (Institute of Food Research, Norwich, United Kingdom) and by Dr Maija 117 

Tenkanen (VTT Biotechnology, Espoo, Finland and University of Helsinki, Finland), 118 

respectively. Bovine serum albumin (BSA) and pepsin were from Sigma-Aldrich (Bornem, 119 

Belgium). TLXI was purified from wheat whole meal as described by Fierens et al. [10].  120 

2.2 Protein content determination 121 

Protein concentrations were determined by the Bradford Coomassie brilliant blue method 122 

with BSA as standard [24]. For pure TLXI, protein concentrations were determined 123 

spectrophotometrically at 280 nm using a specific absorbance value of 1.457 for 1.0 mg/mL 124 

of TLXI (1.0 cm UV-cell path length). This value was derived from the amino acid 125 

sequence of TLXI  [10] using the Protparam tool [25].  126 

2.3 Xylanase inhibition assay (Xylazyme-AX method) 127 

Xylanase inhibition activities were determined with the colorimetric Xylazyme-AX method 128 

[21]. Xylanase solutions were prepared in sodium acetate buffer (25 mM, pH 5.0) with 129 

BSA (0.5 mg/mL) and contained 2.0 enzyme units (EU) per 1.0 mL. 1.0 EU corresponds to 130 

an amount of enzyme resulting in an increase in absorbance at 590 nm of 1.0 in the 131 

Xylazyme-AX method described below in the absence of inhibitor. Under the conditions of 132 

the assay, the xylanase concentrations corresponding to 2.0 EU/mL were 10.2 nM for 133 
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XAN, 17.8 nM for XTL1, 4.2 nM for XTL2, 23.2 nM for XTV and 4.2 nM for XPF GH11 134 

xylanases and 5.8 nM for XAO GH10 xylanase. 135 

Xylanase inhibitor solutions were diluted in a way assuring a linear response between 136 

inhibitor concentration and inhibition activity. 137 

Xylanase solution (0.5 mL) was preincubated for 30 min at room temperature with either 138 

inhibitor solution prepared in sodium acetate buffer (25 mM, pH 5.0, 0.5 mL) or the sodium 139 

acetate buffer (0.5 mL) (control). The mixture was subsequently kept at 40 °C for 10 min. 140 

A  Xylazyme-AX tablet was then added. After 60 min at 40 °C, the reaction was terminated 141 

by adding 1.0 % (w/v) Tris solution (10.0 mL) and vigorous vortexing. After 10 min at 142 

room temperature, the tube was shaken vigorously, the content was filtered through a paper 143 

filter and the absorbance was measured colorimetrically at 590 nm against a control, 144 

prepared by incubating the Xylazyme-AX tablet with buffer instead of enzyme solution. All 145 

measurements were performed in triplicate.  146 

2.4 Circular dichroism measurement 147 

The CD spectrum of TLXI was recorded at room temperature with a Jasco J-810 148 

Spectropolarimeter (Jasco Benelux, Maarssen, The Netherlands) using a quartz cell with 149 

0.1 mm path length. Three scans of a TLXI solution [15 µM in sodium acetate buffer (25 150 

mM, pH 5.0)] in the far-UV (200 to 260 nm) were averaged. The ellipticities were 151 

expressed as mean residue ellipticities.  152 
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2.5 Mass spectrometry 153 

The molecular mass of TLXI was analysed by electrospray ionisation mass spectrometry on 154 

an Esquire-LC/MS ion trap apparatus (Bruker, Bremen, Germany). TLXI (10 µM, 10 µl) 155 

was desalted using a ZipTip C4 (Millipore, Brussels, Belgium), prior to MS analysis.  156 

2.6 Stability assessment 157 

2.6.1 Thermal stability 158 

The thermal stability of TLXI was assessed by incubating TLXI solutions at temperatures 159 

ranging from 40 °C to 80 °C for 40 min or by boiling them up to 120 min.  After 160 

incubation, the inhibitor solutions (0.75 µM in 25 mM sodium acetate buffer, pH 5.0) were 161 

cooled on ice and the residual inhibition activities towards XTL1 were measured with the 162 

Xylazyme-AX method (cfr. supra). All measurements were performed in triplicate and 163 

compared to those of a control incubated at room temperature. 164 

 165 

2.6.2 pH stability 166 

The pH stability of TLXI was determined by incubating TLXI under different pH 167 

conditions for 2 hr, followed by adjusting the pH to 5.0 and measurement of the residual 168 

inhibition activity. To this end, TLXI (0.3 nmol) was incubated for 2.0 hr at room 169 

temperature in KCl/HCl solutions (20 mM, pH 1.0 and 2.0, 300 µl), universal buffers (pH 170 

3.0 to 12.0, 300 µl) and KCl/NaOH solutions (20 mM, pH 13.0, 300 µl). Subsequently, the 171 

samples were brought to pH 5.0 by adding sodium acetate buffer (250 mM, pH 5.0, 1.7 172 

mL) and the residual xylanase inhibition activities were measured against XTL1 with the 173 

Xylazyme-AX method. The universal buffers were prepared as described above. All 174 

measurements were performed in triplicate.  175 



9 

2.6.3 Resistance to proteolytic degradation 176 

The resistances of TLXI and BSA (as control) to degradation by pepsin were determined by 177 

comparing the SDS-PAGE profiles of both proteins before and after incubation with the 178 

protease.  179 

BSA and TLXI (5.5 µM in water, 100 µl) were mixed with pepsin [87 µM in sodium 180 

acetate buffer (250 mM, pH 4.0), 45 µl] and incubated at 37 °C for 30 min. Control 181 

samples were incubated without pepsin. SDS-PAGE was performed on 20 % 182 

polyacrylamide gels with the Phast System (GE Healthcare), as described in the GE 183 

Healthcare separation technique file 110. Sample buffer [125 mM Tris, 4.0 % (w/v) SDS, 184 

30 % (v/v) glycerol and 0.002 % (w/v) bromophenol blue at pH 6.8] was added to each 185 

protein sample (1:4 buffer:sample). 2-mercapto-ethanol was used as reducing agent [5.0 % 186 

(v/v)]. After boiling (5 min) and centrifugation (11,000 g, 3 min), supernatant (4 µl) was 187 

loaded onto the gel. The low Mr markers were α-lactalbumin (Mr 14,400), trypsin inhibitor 188 

(Mr 20,100), carbonic anhydrase (Mr 30,000), ovalbumin (Mr 43,000), BSA (Mr 67,000) and 189 

phosphorylase (Mr 94,000). The gels were silver stained in accordance with the instructions 190 

of the manufacturer (GE Healthcare development technique file 210). 191 

2.7 Determination of cysteine by using Ellmann’s reagent 192 

To assay the levels of cysteine and cystine residues in TLXI, analysis with Ellmann’s 193 

reagent was carried out before and after reduction with sodium borohydride. TLXI (0.64 or 194 

1.28 nmoles) was incubated in the presence of sodium borohydride solution [2.5 % (w/v), 195 

45 µl] at 50 °C for 60 min.  The remaining sodium borohydride was decomposed by 196 

addition of HCl solution (20 µl, 1.0 M) and incubation for 30 min at room temperature. As 197 
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a control, water (65 µl) instead of sodium borohydride and HCl solution (as above) were 198 

added to TLXI sample (3.2 nmol). 199 

To 50 µl aliquots of the reduced and non-reduced (control) TLXI samples, Ellmann’s 200 

reagent [200 µl, 0.05 % (w/v) 5,5’-dithiobis(5-nitrobenzoic acid) in 220 mM Tris-HCl 201 

buffer, pH 8.2] was added. After incubation for 5 min at room temperature, the absorbance 202 

at 415 nm was measured. The level of cysteine residues was calculated based on a standard 203 

curve constructed with glutathione (0-1200 µM) in water. 204 

2.8 Conditions for maximal inhibition activity  205 

2.8.1 Optimal temperatures for inhibition 206 

The optimal temperatures for TLXI inhibition activities against XTL1, XAN, XPF and 207 

XTV GH11 xylanases were determined by performing the Xylazyme-AX method at 208 

incubation temperatures ranging from 20 °C to 60 °C. A TLXI solution (0.27 µM) was 209 

prepared in sodium acetate buffer (25 mM, pH 5.0) and the enzyme solutions (2.0 EU/mL; 210 

EU determined at 40 °C) were prepared in the same buffer with BSA (0.5 mg/mL). All 211 

measurements were performed in triplicate. 212 

 213 

2.8.1 Optimal pH values for inhibition 214 

The optimal pH conditions for TLXI inhibition activity against XTL1, XAN, XPF and 215 

XTV GH11 xylanases were determined by performing the Xylazyme-AX method using 216 

buffers with varying pH. To this end, TLXI solutions (0.27 µM) were prepared in universal 217 

buffers of pH 3.0 to pH 7.0. The xylanase solutions (2.0 EU/mL; EU determined in 218 

universal buffer pH 5.0) were prepared in the same buffers with BSA (0.5 mg/mL). The 219 

universal buffers were prepared from a stock solution containing 30 mM citric acid, 30 mM 220 
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KH2PO4, 30 mM H3BO3 and 20 mM diethyl barbituric acid in deionised water (1.0 L). To 221 

portions of this stock solution, HCl (2.0 M) or NaOH (2.0 M) was added to adjust the pH. 222 

All measurements were performed in triplicate. 223 

2.9 Iso-electric focusing titration curve analysis  224 

IEFTC analysis was performed with the Phast System (GE Healthcare) using 225 

polyacrylamide gels containing ampholytes (pH 3.0 to 9.0). First, carrier ampholytes were 226 

subjected to an electric field to generate a pH gradient. The gels were then rotated 90° and 227 

protein samples were applied perpendicular to the pH gradient using an eight-well 228 

applicator. The migration step was then executed. Prior to application on the gels, the 229 

samples (200-1200 ng/well of TLXI, xylanase or a mixture of TLXI and xylanase) were 230 

incubated during 30 min at room temperature and pH 5.0 (25 mM sodium acetate buffer). 231 

The gels were silver stained in accordance with GE Healthcare development technique file 232 

210. 233 

3. Results and discussion  234 

3.1 Structural features of TLXI 235 

The 3D structural model of TLXI [23] shows that it consists of mainly of β-strands and that 236 

the α-helices, present in the thaumatin structure [26], are absent in TLXI (Figure 1). The 237 

alignment of the amino acid sequence of TLXI with that of thaumatin shows a deletion of 238 

50 amino acids (Figure 2), corresponding to domain II of thaumatin which contains the α-239 

helices. Thus, like other short-chain TLPs with a Mr between 15,000 and 19,000, TLXI 240 

lacks this domain.  241 
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The TLXI structure shows a total of 12 β-strands organised in 3 β-sheets. The main body of 242 

the structure consists of 2 β-sheets, forming a β-sandwich. Both sheets exhibit a right-243 

handed twist and the β-strands of one sheet are almost parallel to and on top of those of the 244 

other sheet. Each of the 12 β-strands is antiparallel to its neighbours with the exception of 245 

the N- and C-terminal strands, which are parallel to each other. 246 

The circular dichroism (CD) spectrum of TLXI (Figure 3) confirmed the absence of α-247 

helices in the TLXI structure, much as noted earlier [23] for its recombinant counterpart as 248 

the characteristic dual minimum at 208 and 222 nm for α-helices was not seen. The 249 

spectrum shows a single minimum between 210 and 215 nm and an increase at 200 nm, 250 

typical for antiparallel β-sheets.  251 

The 3D structure shows five disulfide bridges. In order to verify whether all ten cysteine 252 

residues are indeed engaged in disulfide bridges, the number of free cysteine residues in a 253 

reduced TLXI sample was compared to that in an untreated sample. Table 1 shows that 254 

TLXI in its native form contains no free cysteine residues and that reduction with sodium 255 

borohydride results in ten cysteine residues per molecule, proving that all cysteines are 256 

involved in disulfide bridges. The mass spectrometry data confirm this result. Next to a 257 

peak at Mr 15,632.5, peaks corresponding to the TLXI peptide chain with different degrees 258 

of glycosylation were observed [10]. The calculated Mr of the TLXI peptide chain, based on 259 

its amino acid sequence, assuming that all cysteines occur as cystines (15,632.8), is thus in 260 

nearly perfect agreement with the Mr of the TLXI protein without glycosyl moieties. 261 

Based on the structural model, the positions of the disulfide bridges were determined. They 262 

occur between cysteine residues 9 and 150, 54 and 64, 69 and 76, 115 and 138, and 123 and 263 

128. These positions are similar to those described in other short-chain TLP models (PDB 264 
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entry 2DOV, 2DOW, 2DOX, 2DOZ) [27], of which Figure 2 aligns the amino acid 265 

sequences with those of TLXI and thaumatin. 266 

3.2 Stability of TLXI 267 

Due to the presence of glycan moieties [10] and five disulfide bridges in its secondary 268 

structure, we expected TLXI, like other TLPs, to have high pH and temperature stabilities. 269 

Under the experimental conditions, TLXI was stable between pH 1 and 12 for at least 120 270 

min (Figure 4A). A drastic decrease in inhibition activity was observed only at pH 13. At 271 

pH 5.0, TLXI was stable for at least 40 min at all tested temperatures (40 °C – 80 °C) 272 

(Figure 4B). Moreover, even after 120 min  at 100 °C no decrease in inhibition activity 273 

could be observed (Figure 4C). 274 

The resistance to proteolytic attack of TLXI was compared to that of the reference protein 275 

BSA. BSA was used as a reference protein because its percentage of disulfide bridges is 276 

comparable to that in TLXI. While BSA was completely degraded after 30 min incubation 277 

with pepsin (Figure 5, lane 2), for TLXI only a decrease in concentration could be observed 278 

(Figure 5, lane 4). Degradation products were observed in both samples after incubation 279 

with pepsin. They probably not only originate from BSA and TLXI, but also from pepsin 280 

(no pepsin band of 34,500 is seen). These results demonstrate that TLXI is more resistant to 281 

proteolytic degradation than the reference protein BSA. 282 

TLPs are, in general, believed to be very stable under harsh conditions due to the 283 

intramolecular disulfide bridges. This is clearly also the case for TLXI, which, in contrast 284 

to TAXI and XIP, withstands extreme pH and temperature conditions. Indeed, TAXI 285 

drastically loses activity after 120 min incubation at pH conditions outside the range of pH 286 

3.0 to pH 12.0. The inhibition activity of TAXI is decreased drastically after 40 min 287 
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incubation at temperatures above 70 °C. TAXI is deactivated at 100 °C with a half-life time 288 

between 3.5 and 4.5 min [28]. For XIP, limited thermal stability data are available. 289 

However, its proteinaceous nature was demonstrated based on loss of its inhibition activity 290 

after 15 min boiling [9]. When we determined its resistance to boiling in the same way as 291 

done for TLXI, this resulted in a half-life value of less than 30 sec (results not shown).  292 

In addition to its resistance to extreme pH and temperature conditions, TLXI is much more 293 

resistant to degradation by pepsin than BSA. In contrast, XIP is protease sensitive, since its 294 

inhibition activity is nullified after treatment with pronase and subtilisin [9]. 295 

3.3 Optimal working conditions of TLXI 296 

Figure 6 shows the relative xylanase activities of XTL1, XPF,  XTV and XAN as well as 297 

the relative inhibition activities of TLXI towards these enzymes under varying temperature 298 

and pH conditions.  299 

XTL1 is optimally active at 40 °C. The optimal temperature for XAN is 45 °C, while the 300 

activities of XTV and XPF are maximal at 50 °C. The pH optima does not exceed pH 4.5 301 

for any of the tested xylanases.  302 

In general, the maximum inhibition activity of TLXI is recorded at temperatures between 303 

30 and 40 °C. The optimal pH conditions for inhibition of XTL1, XTV and XPF are 5.5, 304 

4.5 and 5.5, respectively. For XAN, an increasing inhibition activity is measured starting 305 

from pH 4.5. For the determination of the optimal pH conditions for inhibition of the latter 306 

enzyme, a problem is that the optimal pH for inhibition is situated in the range where the 307 

enzyme activities are low. Under these conditions, it is difficult to obtain an accurate 308 

estimation of the optimal inhibition conditions, as the error for the determination of the 309 

inhibition activity increases with decreasing enzyme activity. Nevertheless, based on these 310 
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results, pH 5.0 and 40 °C are selected for measurement of inhibition activity of TLXI using 311 

the Xylazyme-AX method. At this pH, a good compromise is reached between xylanase 312 

and inhibition activities.  313 

The optimal conditions for the inhibition of xylanases by TLXI are compared to those for 314 

TAXI and XIP. TAXI inhibits the GH11 xylanase from Bacillus subtilis (XBS) and XAN 315 

optimally at pH 5.0. The optimal temperature for inhibition of XAN by TAXI is 40 °C. 316 

However, for XBS inhibition by TAXI, a lower optimal temperature was noted, i.e. 20 to 317 

30 °C [28]. Much as noted for TLXI here, the inhibition activity of XIP towards XAN 318 

increases between pH 4.5 and 6.5 [14]. The optimal temperature for inhibition by XIP of 319 

XAO and XTL2 are 30°C (results not shown). Therefore, for the enzymes tested, the 320 

optimal temperature for inhibition by XIP is lower than that for inhibition by TLXI.  321 

Because of the limitations of the Xylazyme-AX method for measuring the inhibition 322 

activity in the pH ranges where the xylanase activity is low, isoelectric focusing titration 323 

curve (IEFTC) analysis was used to study the pH-dependencies of the interaction between 324 

TLXI on the one hand, and XTL1 and XAN on the other hand (Figure 7). The obtained 325 

result confirmed the previously determined pI value of TLXI [10]. Figure 7 III shows the 326 

migration pattern of TLXI in a gel with a pH 3.0 to 9.0 gradient. While at pH 3.0 TLXI 327 

migrates completely towards the negatively charged cathode, at pH 9.0 no mobility is seen, 328 

indicating that TLXI is uncharged. The pI value of TLXI is thus approximately 9.0, while 329 

those of XTL1 and XAN are around 5.5 and 3.0, respectively (Figure 7 I).  330 

The absence of complex dissociation on IEFTC gels demonstrated that the complex formed 331 

between TLXI and XTL1 is stable in the pH range 3.0 to 9.0 (Figure 7A II). This is in line 332 
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with the results in Figure 6A, i.e. that TLXI exhibits inhibition activity towards XTL1 over 333 

the whole pH 3.0 to pH 6.5 range. 334 

The IEFTC gels shows that the XAN-TLXI complex is stable at least between pH 4.0 and 335 

7.5 (Figure 7B II). Outside this range, neither complex, nor free enzyme or inhibitor are 336 

seen. Therefore, no conclusion can be drawn for the more extreme pH conditions. This is in 337 

line with the results of Figure 6B, which also shows that TLXI inhibits XAN in the pH 4.0 338 

to pH 6.5 range. In the lower part of the tested pH-range (pH 3.0 to 3.5), the inhibition 339 

activity is limited. In the upper part of the tested pH-range (pH 6.0 to 6.5), the xylanase 340 

activity is too low to accurately determine the inhibition activity, much as seen for XTL1 in 341 

Figure 6A.. 342 

Similar experiments earlier showed that the complex between TAXI and XAN is stable 343 

over a narrower pH range (pH 3.0 to 7.0) than the TAXI-XTL1 [29] and TAXI-XBS 344 

complexes [30] which occur over the whole pH range of the IEFTC gel, i.e. pH 3.0 to 9.0. 345 

XIP-XAN complex was detected between pH 4.0 and 7.5. It is thus considerably less stable 346 

than the complex of XIP with a GH10 xylanase from A. nidulans which was observed 347 

between pH 3.0 and 9.0 [14].  348 

 349 

4. Conclusion 350 

In conclusion, TLXI is a very stable protein. It is stable for at least 120 min between pH 1 351 

and pH 12 and for at least 120 min at 100 °C. This high stability is probably due to the 352 

presence of a high number of disulfide bridges, much as seen for other thaumatin-like 353 

proteins. Five disulfide bridges and only β-sheets are seen in the TLXI structural model and 354 
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these structural features are experimentally verified. Much as in the structures of other 355 

short-chain thaumatin-like proteins, no α-helix is present.   356 

TLXI has optimal working conditions comparable to those of the two earlier described 357 

xylanase inhibitors from wheat, TAXI and XIP. Its inhibition activity shows a maximum at 358 

approximately 40 °C and pH 5.0. 359 

360 
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xylanase from Penicillium funiculosum; XTV: GH11 xylanase from Trichoderma viride; 374 

XBS: GH11 xylanase from Bacillus subtilis; XAO: GH10 xylanase from Aspergillus 375 

oryzae; EU: enzyme unit; 3D: three dimensional; GH: Glycoside hydrolase family.  376 

 377 

378 
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Tables  485 

Table 1: Analysis of the number of free cysteine residues in one TLXI molecule, 486 

determined with Ellmann’s reagent. The number found in a TLXI sample treated with 487 

sodium borohydride was compared with the number in an untreated TLXI sample. 488 

 489 

 Reduced  Non-reduced  

Amount of TLXI (nmol) 0.6 1.3 3.2 

Amount of free cysteine residues (nmol) 6.6 12.9 0.1 

Number of free cysteine residues per molecule 10.2 10.1 0.0 

490 
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Figures  491 

Figure 1: Comparison of the structure of TLXI (A) with that of thaumatin (B). The 492 

different domains are indicated by I, II and III. Disulfide bridges are shown in yellow. The 493 

β-sheets shown in green and blue form a β-sandwich. A third β-sheet is shown in red. The 494 

α-helices of thaumatin are indicated in orange. The structures are visualized with Pymol 495 

0.99rev8 [31].  496 

 497 

Figure 2: Sequence alignment (ClustalW) of short TLPs from barley (TLP 1, 2, 3, 4) [27], 498 

wheat (PWIR2) [32] and rice (pPIR2) [33], thaumatin [34] and TLXI. Domain III is 499 

indicated with a grey arrow, while domain II is indicated with a black arrow. The rest of the 500 

protein constitutes domain I. The conserved cysteine residues are indicated in bold and the 501 

symbols above indicate which residues form disulfide bonds. 502 

 503 

Figure 3: Circular dichroism spectrum of TLXI. The spectrum is normalized to the protein 504 

concentration and expressed as mean residue ellipticity [θ]. 505 

 506 

Figure 4: Residual inhibition activity of TLXI against XTL1 after 2 hr incubation at 507 

different pH conditions and at room temperature (S.D. ≤ 5.7; n = 3) (A).  Residual 508 

inhibition activity of TLXI against XTL1 after 40 min incubation at different temperatures 509 

and pH 5.0 (S.D. ≤ 3.9; n = 3) (B) and after different times at pH 5.0 and 100 °C (S.D. ≤ 510 

9.7; n = 3) (C).  511 

 512 
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Figure 5: SDS-PAGE profile illustrating the resistance to proteolytic degradation by 513 

pepsin. TLXI samples (lanes 3 and 4) are compared with BSA samples (lanes 1 and 2) 514 

under reducing conditions, after 30 min at 37 °C in the absence (lane 1 and 3) and the 515 

presence of pepsin (lane 2 and 4). The sizes of the Mr markers (lane 5) are indicated on the 516 

right. The gel was silver stained. 517 

 518 

Figure 6:  Relative inhibition activities of TLXI (■) against XTL1 (A), XAN (B), XTV (C) 519 

and XPF (D) and relative xylanase activities in the absence of TLXI (♦) at different 520 

temperatures (left) and pH conditions (right). 521 

 522 

Figure 7: Iso-electric focusing titration curves showing the interaction between TLXI and 523 

XTL1 (A) and XAN (B). For each xylanase, a gel is shown with the xylanase (I), the 524 

mixture of xylanase and TLXI (II) and TLXI (III). The samples were incubated during 30 525 

min at room temperature and pH 5.0 (25 mM sodium acetate buffer) prior to application on 526 

the gels. The cathode and anode are indicated by (-) and (+), respectively.  527 

 528 

529 
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Figure 2 534 
 535 

 536 

 537 
 538 
Thaumatin       --ATFEIVNRCSYTVWAAASKGDAALDAGGRQLNSGESWTINVEPGTNGGKIWARTDCYF 58 539 
PWIR2           --ATFNIKNNCGSTIWPAGIP-----VGGGFELGAGQTSSINVPAGTKAGRIWARTGCSF 53 540 
pPIR2           --ATFTITNRCSFTVWPAATP-----VGGGVQLSPGQTWTINVPAGTSSGRVWGRTGCSF 53 541 
TLP1            --ATFNIKNNCGSTIWPAGIP-----VGGGFELGSGQTSSINVPAGTQAGRIWARTGCSF 53 542 
TLP2            --ATFNIKNNCGSTIWPAGIP-----VGGGFELGSGQTSSINVPAGTQAGRIWARTGCSF 53 543 
TLP4            --RSFSITNRCSFTVWPAATP-----VGGGRQLNGGETWNLDIPDGTSSARIWGRTDCSF 53 544 
TLP3            TSTPLTITNRCSFTVWPAVAP-----AGLGTELHPGANWSVDESAFDSPASIWGRTGCSF 55 545 
TLXI            --APLTITNRCHFTVWPAVALV-LHQGGGGTELHPGASWSLDTPVIGS-QYIWGRTGCSF 56 546 
                   .: * *.*  *:*.*         . * :*  * . .::     .   :*.**.* * 547 
 548 
 549 
Thaumatin       DDSGSGICKTGDCG-GLLRCKR-FGRPPTTLAEFSLNQYG-KDYIDIS-NIKGFNVPMNF 114 550 
PWIR2           NGGS-GSCRTGDCG-GQLSCSL-SGRPPATLAEYTIGGGGTQDFYDIS-VIDGFNLAMDF 109 551 
pPIR2           DGSGRGSCATGDCA-GALSCTL-SGQKPLTLAEFTIGGS--QDFYDLS-VIDGYNVAMSF 108 552 
TLP1            NGGS-GSCQTGDCG-GQLSCSL-SGQPPATLAEFTIGGGSTQDFYDIS-VIDGFNLAMDF 109 553 
TLP2            NGGS-GSCQTGDCG-GQLSCSL-SGRPPATLAEFTIGGGSTQDFYDIS-VIDGFNLAMDF 109 554 
TLP4            NGNS-GRCGTGDCG-GALSCTL-SGQPPLTLAEFTLGGG--TDFYDIS-VIDGYNLPMDF 107 555 
TLP3            DAAGSGLCRTADCG-SGLRCATTDPPAPVTRAQVASSEG--FYHYGIT-TDKGFNLPLDL 111 556 
TLXI            DRAGKGRCQTGDCGGSSLTCGG-NPAVPVTMAEVSVLQG--NYTYGVTSTLKGFNLPMDL 113 557 
                :  . * * *.**. . * *       * * *: :          .::   .*:*:.:.: 558 
 559 
 560 
Thaumatin       SPTTRGCRGVRCAADIVGQCPAKLKAPGGGCNDACTVFQTSEYCCTTGKCGPTEYSRFFK 174 561 
PWIR2           S----------CSTGDALQCRD-------------------------------------- 121 562 
pPIR2           S----------CSSGVTVTCRD-------------------------------------- 120 563 
TLP1            S----------CSTGDALQCRD-------------------------------------- 121 564 
TLP2            S----------CSTGDALQCRD-------------------------------------- 121 565 
TLP4            S----------CSTGVNIQCRD-------------------------------------- 119 566 
TLP3            T----------CSSGDALRCRE-------------------------------------- 123 567 
TLXI            K----------CSSGDALPCRK-------------------------------------- 125 568 
                .          *::.    *                                      569 
    570 
 571 
Thaumatin       RLCP--DAFSYVLDKPTTVTCPGSSNYRVTFCPTA 207 572 
PWIR2           PSCPPPQAYQHPND-QATHACSGNNNYQITFCP-- 153 573 
pPIR2           SRCP--DAYLFPEDNTKTHACSGNSNYQVVFCP-- 151 574 
TLP1            PSCPPPQAYQHPND-VATHACSGNNNYQITFCP-- 153 575 
TLP2            PSCPPPQAYQHPND-VATHACSGNNNYQITFCP-- 153 576 
TLP4            RNCP--DAYHTPPE-PKTKACSGNRRFNIVFCP-- 149 577 
TLP3            EGCH--DAFPYVEFNEHACTAAG-SRLQIVFCP-- 153 578 
TLXI            AGCD--VVQPYAKS----CSAAG-SRLQIVFCP-- 151 579 
                  *    .           :..*  . .:.***   580 
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Figure 3 583 
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 587 

Figure 4 588 
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Figure 6 599 
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Figure 7  602 
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