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We previously reported on the xylanase-inhibiting protein I

(XIP-I) from wheat [McLauchlan, Garcia-Conesa, Williamson,

Roza, Ravestein and Maat (1999), Biochem. J. 338, 441–446]. In

the present study, we show that XIP-I inhibits family-10 and -11

fungal xylanases. The K
i
values for fungal xylanases ranged from

3.4 to 610 nM, but bacterial family-10 and -11 xylanases were

not inhibited. Unlike many glycosidase inhibitors, XIP-I was not

a slow-binding inhibitor of the Aspergillus niger xylanase. Iso-

thermal titration calorimetry of the XIP-I–A. niger xylanase

complex showed the formation of a stoichiometric (1 :1) complex

with a heat capacity change of ®1.38 kJ[mol−"[K−", leading to

a predicted buried surface area of approx. 2200³500 AI # at the

INTRODUCTION

Proteinaceous inhibitors of invertase [1–3], limit dextrinase [4],

polygalacturonase [5,6], pectinmethylesterase [7] and α-amylase

[8,9] have all been identified in plants. The presence of pro-

teinaceous xylanase inhibitors has also been reported in cereals

[10–12]. Xylanases (endo-β-1,4-xylanases) hydrolyse the β-1,4-

xylan linkages in the xylan component of plant cell walls. Based

on sequence and structural homology, they have been classified

into family-10 and -11 (EC 3.2.1.8) glycoside hydrolases [13,14].

Family-10 xylanases (" 30 kDa) are generally larger than family-

11 xylanases (approx. 20 kDa) with an (α}β)
)
barrel fold, whereas

family-11 xylanases consist of a single domain composed pre-

dominantly of β-strands [15]. Xylanase-inhibiting protein I (XIP-

I) has been purified from wheat flour and partially characterized

[16]. It is a glycosylated, monomeric basic protein with a

molecular mass of 29 kDa, and a pI of 8.7–8.9. XIP-I has been

shown to inhibit two family-11 xylanases, from Trichoderma

�iride and Aspergillus niger respectively, and the inhibition was

competitive for the A. niger enzyme. Another proteinaceous

xylanase inhibitor from wheat, Triticum aesti�um xylanase in-

hibitor (TAXI), has also been described [12]. It is in fact a

mixture of two endoxylanase inhibitors TAXI I and TAXI II,

which differ from each other in pI and endoxylanase specificity,

but show structural homology [17]. Based on the limited in-

formation from protein sequencing [17], there is no sequence

homology between XIP-I and TAXI. We present for the first

time a detailed study of XIP-I inhibition to determine its
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complex interface. For this complex with A. niger xylanase (K
i
¯

320 nM at pH 5.5), titration curves indicated that an observable

interaction occurred at pH 4–7, and this was consistent with the

pH profile of inhibition of activity. In contrast, the stronger

complex between A. nidulans xylanase and XIP-I (K
i
¯ 9 nM) led

to an observable interaction across the entire pH range tested

(3–9). Using surface plasmon resonance, we show that the

differences in the binding affinity of XIP-I for A. niger and A.

nidulans xylanase are due to a 200-fold lower dissociation rate k
off

for the latter, with only a small difference in association rate k
on

.

Key words: plant inhibitor, protein–protein interaction.

specificity, pH dependence, mode of action and the thermo-

dynamics of the interaction. This is the first mechanistic study of

any xylanase inhibitor.

EXPERIMENTAL

Materials

Medium viscosity wheat arabinoxylan was from Megazyme

(County Wicklow, Ireland). Trichoderma �iride xylanase, two

xylanases from Trichoderma longibrachiatum and a rumen micro-

organism xylanase (M1, M2, M3 and M6 respectively) were

from Megazyme. Penicillium funiculosum xylanase (native and

Escherichia coli recombinant forms) was from our in-house

collection, A. oryzae xylanase was from M. Tenkanen (VTT,

Finland), A. aculeatus and Bacillus subtilis xylanases were from

J. Delcour (Laboratory of Food Chemistry, Katholieke Uni-

versiteit Leuven, Belgium), Fibrobacter succinogenes xylanase

domains A and B were from A. Clarke (University of Guelph,

Canada), B. agaradhaerens xylanase was from G. Davies

(University of York, U.K.), Pseudomonas fluorescens xylanase

was from H. Gilbert (University of Newcastle, U.K.) and the

recombinant E. coli clone producing Bacillus sp. xylanase was

from F. J. Pastor (University of Barcelona, Spain).

Purification of xylanase inhibitor from wheat flour

The xylanase inhibitor was purified from 2 kg of wheat flour

(Triticum aesti�um var. Soisson) as described previously [16].
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Identification of XIP-I protein peak

The final step in the purification procedure of the xylanase

inhibitor yielded two protein peaks as expected showing almost

identical specific inhibitory effects and physical properties [16].

Initial characterization of the inhibitor was performed using the

first protein peak (‘peak 1’). In order to determine the exact

nature of the two peaks, flour extracts were partially purified by

cation-exchange and ammonium sulphate precipitations, as de-

scribed previously [16], and they were treated as follows. After

centrifugation, the pellet was dissolved in distilled water (10 ml),

dialysed against 20 mM Tris}HCl (pH 7.0), and divided into

three 2 ml aliquots. Each sample was then mixed either with the

Tris}HCl buffer on its own or with the buffer supplemented with

the inhibitor (0.5 mg) from peaks 1 and 2 respectively. The mix-

tures were then loaded on to Mono S columns, which were pre-

viously equilibrated with the same buffer, and proteins were

eluted for 60 minwith a gradient of 0–0.3 MNaCl in equilibration

buffer. The fractions were then assayed for inhibitory activity.

With the unsupplemented flour extract, only one peak of

inhibitory activity was detected corresponding to ‘ inhibitor peak

2’, which suggested that XIP-I corresponded to peak 2 and that

the two peaks at the end of the purification were due to minor

modification during the purification process. When the flour

sample was supplemented with the inhibitor from peak 1, two

peaks of inhibitory activity were detected, as expected. However,

the third sample, which was supplemented with inhibitor peak 2,

also produced two peaks of inhibition, although peak 1 was

smaller than peak 2; this result suggested that storage of peak 2

led to a modification of the protein, which gave rise to a small

amount of peak 1.

In order to confirm the effect of storage conditions, the

individual inhibitors (0.2 mg) from peaks 1 and 2, stored at 4 °C
for 4 weeks, were applied on to a Mono S column. When

inhibitor peak 1 alone was applied to the column, one peak

of inhibition was produced, but when inhibitor peak 2 was

applied to the column two peaks of inhibition could be detected.

Taken together, these results showed that inhibitor peak 2 is the

native form of the inhibitor. In contrast, ‘ inhibitor peak 1’ is a

modified form produced both during the purification process and

on storage, although the properties are apparently not modified.

As a result of this, all experiments in the present study were

conducted on inhibitor peak 2, which is hereafter referred to as

XIP-I.

Matrix-assisted laser-desorption ionization time-of-flight (MALDI-
TOF)-MS

XIP-I was analysed using a MALDI-TOF-MS (Bruker Reflex

III ; Bruker Daltonik GmbH, Bremen, Germany) mass spec-

trometer, equipped with 337 nm N
#

laser. The sample (10 µM)

was mixed with an equal volume of matrix solution (10 mg}ml of

sinapinic acid in 50% acetonitrile, 0.1% trifluoroacetic acid),

and 0.5 µl of this mixture was applied to the sample well and

dried at 22 °C. The sample well was then washed twice with

water (4 µl), wicked off with tissue after approx. 20 s and dried

again. The matrix solution (0.5 µl) was then applied on top of

each sample, and the samples were dried and analysed by

MALDI-TOF. Spectra were accumulated from 770 laser shots

with 5 ns intervals at 43% laser alternation. The molecular mass

of XIP-I was determined by this method to be 30657 kDa.

Isolation of recombinant proteins

Large-scale expression of A. niger xylanase in Pichia pastoris

was achieved as described previously [18]. The supernatant was

concentrated by using a 200 ml stirred ultrafiltration cell (model

202; Amicon, Stonehouse, Gloucestershire, U.K.) and a PM10

ultrafiltration membrane (Millipore, Watford, Herts., U.K.),

and the protein was purified to homogeneity using the procedure

described previously [18].

A. nidulans xylanasewas purified from anA. nidulans multicopy

transformant [19] as follows. The culture filtrate was adjusted to

pH 5.5 with 0.1 M HCl and then diluted twice. The secreted

proteins were adsorbed batchwise on DEAE-Sephadex A-50.

After overnight stirring, the resin was transferred on to a glass

column and the adsorbed proteins were pulse-eluted with 10 mM

sodium phosphate buffer (pH 5.5) containing 1 M NaCl.

Fractions containing xylanase activity were loaded on to a

Superose 12 column pre-equilibrated with 20 mM sodium acetate

buffer (pH 5.5) containing 100 mM NaCl. Active fractions were

pooled and desalted and used throughout the study.

Recombinant E. coli producing Bacillus sp. xylanase was

grown in Luria–Bertani broth supplemented with ampicillin

(50 µg}ml) at 37 °C overnight. The culture was centrifuged at

10000 g for 20 min at 4 °C, and the cells were resuspended in

5 ml of McIlvaine buffer (pH 5.5) and lysed by sonication

(Sonopuls HD 2070; Bandelin, Berlin, Germany). The cell debris

was removed after centrifugation at 6000 g for 20 min at 4 °C,

and the supernatant was used for xylanase activity assay.

Activity assays

For the measurement of protein concentrations, either the

Coomassie Brilliant Blue method of Bradford [20] was used with

BSA (Perbio Science Ltd, Cheshire, U.K.) as the standard, or the

reported molar absorption coefficients ε, where available, were

used. Using primary structure analysis (http:}}www.expasy.ch}),

the ε
#)!

values were determined to be 50210, 57180, 68050,

56470, 41960, 62870 and 59030 M−" [ cm−" for the xylanases

from A. niger (1UKR), P. funiculosum (AJ278385.1), A. nidulans

(Z49894), B. agaradhaerens (1QH6), F. succinogenes A and B

domains (P35811) and Ps. fluorescens (X15429) respectively. The

codes in parentheses are the National Center for Biotechnology

Information accession nos. or Protein Data Bank codes.

Xylanase activity was measured using the dinitrosalicylic acid

assay [21]. Enzyme samples (10 µl) were added to wheat

arabinoxylan (90 µl) solubilized in McIlvaine buffer (0.1 M citric

acid}0.2 M Na
#
HPO

%
; pH 5.5) and incubated at 30 °C for

different time periods (4–35 min). The relationship between time

or enzyme concentration and activity was checked to ensure

linearity of the reaction. The enzyme preparations were checked

for purity on SDS}PAGE and most gave a single band (results

not shown). When extra bands were observed, the sample was

spiked with A. niger xylanase and XIP-I to ensure that the

contaminant proteins did not affect the interaction. The reaction

was terminated by the addition of dinitrosalicylic acid reagent

(150 µl), and the samples were boiled for 5 min and then cooled

to 22 °C. After centrifugation at 13000 g for 5 min, the super-

natant (200 µl) was transferred on to a microtitre plate and ε
&&!

was measured relative to a xylose standard curve (0–180 µg}ml).

Units are expressed as µmol of xylose produced}min. To

determine whether XIP-I was a slow-binding inhibitor, the

enzyme and the inhibitor were mixed for different incubation

time periods from 0 to 20 min, at 1 or 2 min intervals, before

addition of the substrate to initiate the reaction.

The kinetic constants for xylanase activity were calculated

using weighted non-linear least-squares regression analysis with

the Grafit software program (Biosoft, Cambridge, U.K.). In-

hibition was detected by adding increasing molar equivalents

of XIP-I to the enzyme solution up to a maximum molar ratio of
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30:1. The IC
&!

value was determined at the K
m

of the enzyme and

corresponded to the molar concentration of XIP-I required to

inhibit xylanase activity by 50%. The K
i
value was determined at

different concentrations of substrate (1.5–18 mg}ml) in the

presence of various amounts of XIP-I. The Grafit software

program was used to calculate the K
m

and V
max

for each inhibitor

concentration. We assume that K
i
EK

d
, since the inhibition is

competitive. In the present study, we use K
i
and K

d
to denote

kinetic and thermodynamic measurements.

To determine the optimum pH for binding, the xylanase

activity assay was performed as described above, using wheat

arabinoxylan (1%, w}v) at pH 3.4–6.5. A. niger xylanase

(0.17 µM) and XIP-I (0.65 µM) were added to the assay and

longer incubation time periods were used to compensate for the

very low enzyme activity at higher pH values. All incubation

time periods were first checked to ensure linearity.

Surface plasmon resonance (SPR)

BIAcore X system, HBS buffer [10 mM Hepes (pH 7.4)}0.15 M

NaCl}3.4 mM of EDTA}0.005% of surfactant P20], CM5 sensor

chips and amine coupling kit were from BIAcore AB (Uppsala,

Sweden). XIP-I (1 µM) in 10 mM sodium acetate buffer (pH 5.5)

was immobilized by the amine coupling method of Johnsson et

al. [22] at a flow rate of 10 µl}min, using HBS buffer as running

buffer. Briefly, equal volumes of N-hydroxysuccinimide (NHS,

0.06 M in water) and N-ethyl-N«-(3-diethylaminopropyl)carbodi-

imide (0.2 M in water) were mixed and injected on to a CM5

sensor chip to activate the carboxymethylated dextran surface.

The volume used was adjusted to achieve immobilization levels

of XIP-I giving 150–2000 resonance units (RU); 1 RU is defined

as 1 pg of bound protein}mm#. After injection of XIP-I (40 µl),

the residual NHS esters were deactivated by the injection of 25 µl

of ethanolamine (1 M, pH8.5). Flow cell 2was used to immobilize

XIP-I, and control flow cell 1 was treated identically but without

inhibitor.

For A. niger xylanase, increasing concentrations of enzyme

(80 µl) ranging from 0.3 to 13 µM in 10 mM sodium acetate (pH

5.5) were injected at a flow rate of 30 µl}min, using 10 mM

sodium acetate (pH 5.5) as running buffer. For A. nidulans

xylanase, four separate chips were used, as adequate regeneration

could not be achieved. The enzyme (80 µl) was injected at a

concentration of 600 nM on to three separate chips at a flow rate

of 30 µl}min and a further 40 µl of the sample (450 nM) was

injected on to a fourth chip at a flow rate of 10 µl}min. The

sensorgram shows the change in resonance signal as a function of

time [23].

Isoelectric focusing (IEF) titration curves

Titration curves of either the xylanases alone or the xylanases in

combination with XIP-I were produced using the Phast system

(Amersham Pharmacia Biotech, Uppsala, Sweden). IEF 3–9

gels (Amersham Pharmacia Biotech) were used according to the

manufacturer’s instructions. Following a prefocusing step

(2000 V, 150 V [h), samples were applied across the middle of

the gel and focused for 60 V [h at 1000 V. For staining, the gels

were fixed for 20 min in trichloroacetic acid (20%, w}v), rinsed

in phosphoric acid solution (3%), incubated for 10 min with

SERVA Violet 17 stain (0.2% SERVA Violet}20% phosphoric

acid, 1 :1 ; SERVA Electrophoresis GmbH, Heidelberg,

Germany) and washed three times (10 min) using phosphoric

acid (3%). For silver staining, the PhastGelTM silver kit was used

according to the manufacturer’s instructions (Amersham

Pharmacia Biotech).

Isothermal titration calorimetry (ITC)

Enthalpy values for the interaction of the A. niger xylanase with

XIP-I were determined at the temperatures 10, 17.5, 25 and 33 °C
using a VP isothermal titration calorimeter (Microcal, Milton

Keynes, U.K.). The enzyme (100 µM) and the inhibitor (10 µM)

were dialysed extensively against McIlvaine buffer (pH 5.5).

During a titration, the inhibitor (2.3 ml) placed in the reference

cell was injected with 16 successive aliquots of enzyme (15 µl) at

5 min intervals for approx. 80 min. The binding data were

corrected for the heat of dilution of both proteins. Integrated

heat effects were analysed by non-linear regression using a single-

site binding model with Origin software (Microcal), yielding

independent values for K
d
and ∆H° [24]. Enthalpy changes at the

four temperatures were plotted against temperature ; the slope of

the line gave the change in heat capacity [25,26]. Changes in

negative heat capacity have been linked to the removal of non-

polar surface area from water in protein processes [27], and an

equation linking the removal of polar and non-polar surface area

has been formulated [28], which was used to predict the surface

area that becomes buried on the association of XIP-I and A.

niger xylanase.

RESULTS

Further characterization of the interaction between A. niger
xylanase and XIP-I

We have previously shown that XIP-I inhibited, reversibly and in

a competitive manner, a family-11 xylanase from A. niger [16].

Further characterization of the inhibition type was assessed by

preincubation of A. niger xylanase with XIP-I before the activity

assay. None of the extra preincubation steps, of 0, 1, 2, 3, 5, 7,

9, 10, 11, 12, 14, 15, 17, 18 and 20 min, led to an increase in the

observed reaction rate (results not shown). This criterion has

been used in a previous study [29] to define a ‘slow-binding’

inhibitor. It was evident from the above results that XIP-I is not

a slow-binding inhibitor.

The effect of pH on the binding of XIP-I to A. niger xylanase

was measured over the pH range 3.5–6.5. The percentage of

inhibition appeared to be inversely related to the enzyme activity

(Figure 1). Optimal activity of A. niger xylanase was at pH 3.5

with a gradual decrease above the pH optimum, 14% remaining

at pH 6.5. Inhibition was not detected under the experimental

Figure 1 Effect of pH on inhibition of A. niger xylanase by XIP-I

+, Uninhibited enzyme activity ; E, inhibition percentage. Error bars represent ³S.D.

(n ¯ 4).
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Table 1 Thermodynamic parameters for the interaction of XIP-I with A. niger xylanase

Temperature

(K) Stoichiometry

Affinity, Kd

(nM)

Enthalpy change, ∆H
(kJ/mol)

Entropy change ∆S
(kJ [mol−1 [ K−1)

Free energy change, ∆G
(kJ/mol)

283 0±915³0±010 3±52³5±27* ®24±86³0±63 0±074 ®45±8
290±5 0±935³0±005 13±3³3±82 ®34±79³0±42 0±031 ®43±8
298 0±901³0±004 41±5³6±15 ®48±49³0±47 ®0±021 ®42±1
306 0±885³0±005 35±0³6±52 ®55±76³0±71 ®0±039 ®43±7

* The heats measured were low, and the error reflects this.

(a)

(b)

Figure 2 Thermodynamics of the interaction using ITC

(a) Enthalpy change on binding of A. niger xylanase to XIP-I. Data are shown at 290.5 K as

a function of molar ratio, with integrated data after correction for heat of ligand dilution,

presented as heat exchange (kJ/mol of injectant), versus the molar ratio of enzyme to inhibitor.

The solid line shows the best fit obtained by least-squares regression using a one-site model.

This analysis gave a determined stoichiometric value of 0.94. (b) Temperature dependence of

the enthalpy change for A. niger xylanase binding to XIP-I. The linear dependence of enthalpy

versus temperature yields a heat capacity change ∆Cp of ®1.38 kJ [mol−1 [ K−1 (³0.122)

(R 2 ¯ 0.98).

conditions at pH 3.5, was negligible at pH 4 and gradually

increased over the pH range 4.5–6.5 ; this result demonstrated the

involvement of electrostatic charges in the interaction.

ITC showed a stoichiometry approximating to unity in all the

experiments (Table 1). The interaction was enthalpy-driven at

290.5 K (Figure 2a). The temperature dependence of the enthalpy

gave a change in heat capacity of ®1.38 kJ [mol−" [K−" (Figure

2b). Based on the empirically derived correlation between ∆C
p

and removal of surface area from exposure to bulk solvent, and,

assuming that the ratio of ∆A
p
}∆A

np
¯ 0.59, we can predict a

value for the area of the binding site [28]. Using the equation

∆C
p
¯ (1.34³0.17)∆A

np
®(0.59³0.17)∆A

p
J [mol−" [K−"

the overall surface area buried on binding was calculated to be

2200³500 AI #. This was the result of a change in the surface

areas of the polar group (∆A
p
) and non-polar group (∆A

np
) of

830³230 and 1400³310 AI # respectively. The total calculated

surface areas for the individual proteins A. niger xylanase and

XIP-I were 7623 and 11715 AI # respectively (Roussel, A., per-

sonal communication), indicating that approx. 15 and 10%

respectively of the surface area of each protein is buried on

formation of the complex.

Specificity of XIP-I towards xylanases

The specificity of XIP-I towards xylanases was assessed using a

range of fungal and bacterial xylanases from families 10 and 11.

XIP-I could inhibit fungal xylanases but no bacterial xylanase

was inhibited up to a molar ratio of 30:1 (Table 2). Interestingly,

all the fungal xylanases tested were inhibited apart from the

family-10 A. aculeatus xylanase (Table 2). This inhibition of

fungal xylanases was not due to the binding of XIP-I to

glycosylation on the fungal enzymes, since both the native and E.

coli-expressed recombinant forms of P. funiculosum xylanase

were inhibited to the same extent (Furniss, C., unpublished work).

The K
i
values for fungal xylanases ranged from 3.4 to 610 nM for

P. funiculosum and Trichoderma �iride xylanases respectively.

XIP-I did not show a preference for family-10 or -11 xylanases,

since the two tightly binding complexes were formed with the

P. funiculosum and A. nidulans xylanases, belonging to families

11 and 10 respectively. As previously found for A. niger xylanase

[16], the inhibition was competitive for all the enzymes tested. As

an example, the kinetics of the inhibition is reported below for a

family-10 fungal xylanase from A. nidulans. An 18 nM con-

centration of XIP-I was required to inhibit 31 nM of A. nidulans

xylanase by 50%, i.e. a molar ratio of enzyme to inhibitor of

1.7 :1 (Figure 3). Double-reciprocal plots for the interaction

of XIP-I with the A. nidulans xylanase are shown in Figure 4(a).

The convergence of the lines at the y-axis shows that increas-

ing the concentration of XIP-I did not change V
max

, but

increased K
m
. This indicates that the inhibition was com-

petitive. A secondary plot of slopes against XIP-I concentra-

tion (Figure 4b) gave an inhibition constant K
i

of 9 nM

at pH 5.5.
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Table 2 Specificity and kinetics of inhibition

n.d., not determined ; n.a., not applicable.

Source Family

Is enzyme inhibited

at its Km?* Molar ratio of E : I† Ki (nM) Inhibition type

Fungal

A. niger 11 Yes 1 :3±8 317 Competitive

Trichoderma viride 11 Yes 1 :63 610 Competitive

T. longibrachiatum M2 11 Yes‡ N/D N/D Competitive

T. longibrachiatum M3 11 Yes 1 :5.3 20 Competitive

P. funiculosum§ 11 Yes 1 :1 3.4 Competitive

A. nidulans 10 Yes 1 :0±6 9 Competitive

A. oryzae 10 Yes 1 :1±5 17 Competitive

A. aculeatus 10 No n.a. n.a. n.a.

Bacterial

B. agaradhaerens 11 No n.a. n.a. n.a.

F. succinogens (A) 11 No n.a. n.a. n.a.

F. succinogens (B) 11 No n.a. n.a. n.a.

B. subtilis 11 No n.a. n.a. n.a.

Ps. fluorescens 10 No n.a. n.a. n.a.

Rumen micro-organism 11 No n.a. n.a. n.a.

Bacillus sp. 10 No n.a. n.a. n.a.

* Where no inhibition is detected, a 30 :1 molar ratio of XIP-I to enzyme has been used, with 10% of inhibition being the limit of detection.

† The molar ratio that gives 50% inhibition.

‡ The Km value was not determined owing to the limited solubility of the substrate : inhibition was observed at a substrate concentration of 5 mg/ml of wheat arabinoxylan.

§ Furniss, C., unpublished work.

Figure 3 Inhibition curve of A. nidulans xylanase (31 nM) by increasing
amounts of XIP-I

XIP-I (18 nM) inhibited the enzyme by 50%. Error bars represent ³S.D. (n ¯ 4).

Interaction of XIP-I with family-10 and -11 fungal xylanases

The relative affinity and pH dependence of the interaction of

XIP-I with A. niger, A. nidulans and Pseudomonas fluorescens

xylanases were further studied using titration curves (Figures

5a–5c). The pI values of A. niger and A. nidulans xylanases are

3.5 [18] and 3.4 [19] respectively, whereas the pI value of XIP-I

ranges from 8.7 to 8.9 [16]. Both A. niger xylanase (K
i
¯ 317 nM)

and A. nidulans xylanase (K
i
¯ 9 nM) formed a complex on the

IEF titration gel (Figures 5a and 5b). The complex was observed

over a pH range of approx. 4–7 with A. niger xylanase (Figure

5a), but across the entire pH range (3–9; the range covered on the

gel) in the case of A. nidulans xylanase (Figure 5b). The higher

affinity of XIP-I for A. nidulans xylanase is further indicated by

the fact that all the concentration-limited components form the

complex (Figure 5b). Traces of A. nidulans xylanase can be seen

on the gel when the enzyme to inhibitor molar ratio is 3:1 [Figure

5b(ii)], but they disappear when the amount of XIP-I is increased

to a 3:2 molar ratio of enzyme to inhibitor, and some traces of

XIP-I appear [Figure 5b(iii)]. By contrast, this result was not

observed with A. niger xylanase. Owing to the weaker interaction,

free enzyme was still observed at both high and low pH, even at

a 1:6 molar ratio of enzyme to inhibitor (results not shown). No

complex was formed when Ps. fluorescens xylanase and XIP-I

were run on these gels (Figure 5c), in agreement with results from

the activity assays.

We have shown the clear difference in affinity of XIP-I towards

A. niger and A. nidulans xylanases from activity assays and

titration curves. SPR allows direct visualization of molecular

interactions in real time and hence of on and off rates, and was

used to compare further the interaction of XIP-I with these two

enzymes. XIP-I was immobilized on the dextran surface of a

chip, and the association}dissociation rate constants were calcu-

lated for the interaction of XIP-I with the xylanases. The overlaid

sensorgrams for the interaction of XIP-I with A. niger xylanase

are shown in Figure 6. For each concentration, the increase in

RU from the initial baseline represents the binding of the

xylanase to the surface-bound XIP-I. The plateau line represents

the steady-state}equilibrium phase of the xylanase–XIP-I in-

teraction, whereas the decrease in RU from the plateau represents

the dissociation phase. Kinetic parameters, equilibrium constants

and the enthalpy change for the interactions are shown in Table

2. A. niger xylanase exhibited a fast off rate, which is in agreement

with the activity assay; this is again not consistent with the

inhibitor following a slow-binding mechanism [30]. The enzymes

exhibited similar on rates, but there was a 200-fold difference in

off rates between A. niger xylanase and A. nidulans xylanase.

Since K
d
CK

i
¯k

off
}k

on
, the difference in off rates could account

substantially for the 500-fold differences in the K
i

values

(Table 3).
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(a)

(b)

Figure 4 Kinetics of the interaction by measuring inhibition of xylanase
activity

(a) A double-reciprocal plot for xylanase activity. E, In the presence of inhibitor ; D, in the

presence of 5.4 nM of XIP-I ; y, in the presence of 8.0 nM of XIP-I. Error bars represent

³S.D. (n ¯ 4). (b) Secondary plot of slopes (from the double-reciprocal plot) against inhibitor

concentration to give Ki. Analysis was performed by non-linear regression ; the data are shown

for illustrative purposes only.

DISCUSSION

XIP-I inhibition : mechanism, type and mode of action

The inhibition mechanism of XIP-I against family-10 and -11

fungal xylanases has been studied in detail. The inhibition is

competitive, suggesting that the inhibitor protein binds at, or

close to, the active site, thus preventing access of the substrate to

the active site. Themagnitude of inhibition of the fungal xylanases

by XIP-I varies 200-fold, based on K
i
values from activity assays,

depending on the xylanase tested. Slow binding, or slow onset

of inhibition, is a widespread phenomenon among glycosidase

inhibitors [31], where the inhibition process is relatively slow,

occurring over a period of minutes and not at diffusion-controlled

rates. This type of inhibition has been widely reported not only

for substrate–analogue types of inhibitors, but also for protein

inhibitors of glycosyl hydrolases such as αAI [9,29,32] and the

invertase inhibitor from maize [1]. However, XIP-I does not

appear to follow such an inhibition process, as observed for the

A. niger xylanase using both activity assays and SPR. The

enzyme exhibits a fast off rate as shown by SPR, whereas a slow

off rate is characteristic of slow-binding inhibitors [30]. Kinetic

analysis using SPR indicated that the difference in off rates

largely accounted for the differences in binding strengths of the

enzyme–inhibitor complexes.

The inhibition of A. niger by XIP-I is pH dependent over the

pH range 4–7, as determined by activity assays and titration

curves. This illustrates the importance of electrostatic interactions

in the strength of the interaction. Such pH dependence was also

observed in the case of barley α-amylase}subtilisin inhibitor [33],

although in a broader range. However, the complex of A.

nidulans seemed to be pH independent over the pH range 3–9,

indicating strong binding. The large difference in K
i
(approx. K

d
)

values was further characterized by using SPR, and this revealed

a striking difference in the on and off rates. Although the on rate

for the XIP-I–A. nidulans interaction was only 2-fold faster than

the on rate for the XIP-I–A. niger interaction, the off rate was

200-fold slower and therefore accounted for the large differences

in K
i
values reported for these enzymes. The corresponding ∆G

values for the interaction of XIP-I with A. niger xylanase and A.

nidulans xylanase were ®29.9 and ®45.3 kJ [mol−" respectively.

The difference in K
i
values between the two enzymes was greater

than that found from activity assays ; this probably reflects the 5°
lower temperature, lower ionic strength buffer andmore restricted

conformation of XIP-I, in SPR determinations. The K
i
values

were comparable for XIP-I–A. nidulans, but the K
i
was somewhat

higher for XIP-I–A. niger using SPR, and lower using ITC.

ITC showed a stoichiometry approximating to unity in

the binding of XIP-I on to A. niger xylanase. It also allowed the

calculation of the surface area buried at the complex interface.

Lo Conte et al. [34] collected the interface areas of a number of

enzyme–inhibitor complexes and the average value was found to

be 2030 AI # (S.D.¯ 630). Comparing the three-dimensional struc-

tures of free enzyme and inhibitor proteins with their respective

complexes, it was observed that when a large interfacial surface

area (" 2000 AI #) was buried, a kinetically significant confor-

mational change was often involved in complex formation. Such

a structural change has been shown to occur at the active site of

the porcine pancreatic α-amylase after the binding of the protein

inhibitor from Phaseolus �ulgaris, leading to 3080 AI # buried at

the interface [35]. The interface area of the XIP-I–A. niger

complex was predicted to be 2200 AI # (³500). This means that

there is a significant release of water at the interface, which

contributes to the positive entropy changes observed at 283 and

290.5 K. However, at all four temperatures used in this ex-

periment, binding was enthalpy-driven. A large change in surface

area during the passage from the free protein to the complex may

also result from a conformational change. This conformational

change has often been reported as a feature of a slow-binding

mechanism, involving two steps : either an initial fast-

binding step, followed by a slow reversible transformation of EI

to another entity, or an initial slow inter-conversion of the

enzyme E into another form, which then binds the inhibitor in a

fast step. However, the sensorgram obtained by SPR on the A.

niger xylanase does not exhibit the typical shape characteristic of

a conformational change. This is also in agreement with the

activity assays showing that XIP-I is not a slow-binding inhibitor.

XIP-I specificity : comparison with other plant protein inhibitors of
glycoside hydrolases

Further characterization of XIP-I revealed that it is a competitive

inhibitor of fungal xylanases, but none of the bacterial xylanases
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(a)

(b)

(c)

Figure 5 Titration curves, obtained by IEF, showing the interaction between XIP-I and xylanases

(a) Titration curves showing the interaction between A. niger xylanase and XIP-I. (i) A. niger xylanase (4 µg) ; (ii) XIP-I (4 µg) ; (iii) a mixture containing A. niger xylanase (5 µg) and XIP-I (4 µg).

(b) Titration curves showing the interaction between A. nidulans xylanase and XIP-I. (i) A. nidulans xylanase (250 ng) ; (ii) a mixture of A. nidulans xylanase (250 ng) and XIP-I (70 ng) ; (iii) a

mixture of A. nidulans xylanase (250 ng) and XIP-I (140 ng). (c) Titration curves showing the interaction between Ps. fluorescens xylanase and XIP-I. (i) Ps. fluorescens xylanase (520 ng) ; (ii)

XIP-1 (200 ng) ; (iii) a mixture of Ps. fluorescens xylanase (520 ng) and XIP-I (200 ng).

# 2002 Biochemical Society
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Figure 6 SPR sensorgrams showing the interaction between XIP-I and
A. niger xylanase

Curves (from bottom to top) show the concentrations of A. niger xylanase : 0.32, 1.3, 2.6, 5.4

and 13 µM.

Table 3 SPR analysis of the interaction between XIP-I and the xylanases
from A. niger and A. nidulans

Sensorgrams were analysed using 1 :1 Langmuir binding. The Kd values were calculated as off

rate/on rate (koff/kon). The free energy of the complex formation was calculated from the equation

∆G ¯ RT lnKd. Values are means³S.D., n ¯ 3 (A. niger) or 4 (A. nidulans).

Enzyme On rate (M−1 [ s−1) Off rate (s−1) Kd (µM) ∆G (kJ/mol)

A. niger 6530³120 0±0371³0±0004 5±68 ®29±9
A. nidulans 15000³390 0±000172³0±000002 0±0115 ®45±3

tested was inhibited. The strict preference for fungal xylanases is

not due to potential glycosylation of the enzyme. This strict

specificity, along with other biochemical characteristics, distin-

guishes XIP-I from the other xylanase inhibitors TAXI I and

TAXI II recently isolated from wheat. Both inhibit fungal

and bacterial xylanases, and their modes of action differ

depending on the isoform and the target enzyme [17].

Among the numerous plant protein inhibitors of glycoside

hydrolases identified so far, the polygalacturonase-inhibiting

proteins are the only ones showing a strict preference for fungal

enzymes [36–38]. Whereas the structures of fungal poly-

galacturonases are conserved [37], the fungal xylanases show

distinctive structural differences between families 10 and 11

[13,14]. In addition, the mechanism of inhibition of the poly-

galacturonase-inhibiting proteins towards fungal polygalacturo-

nases varies depending on the source, e.g. the major isoform

from pear fruit is a competitive inhibitor of several fungal

polygalacturonases [39], whereas that from raspberry fruit [40]

and bean hypocotyls [41] inhibited via a non-competitive mech-

anism.

In conclusion, we present a detailed mechanistic study on the

inhibition of fungal xylanases by the proteinaceous xylanase in-

hibitor XIP-I from wheat. This is the first mechanistic study of

any xylanase inhibitor.
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