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Introduction

In order to protect themselves against attack by cell

wall-degrading enzymes secreted by plant pathogens,

plants produce a vast array of inhibitors of pectinolytic

enzymes [1–3]. A few structures of such proteins have

been determined, but newer and more potent proteins

with multiple binding properties are being identified

regularly [4–8]. Initially, these protein inhibitors were

considered to have been part of the original composi-

tion of plant proteins to protect against their own

enzymes, but, subsequently, they seem to have evolved

through induction to fight against new and emerging

pathogens. Detailed binding studies and three-dimen-

sional structural determinations of these new proteins

will provide useful insights into their functional
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A novel plant protein isolated from the underground bulbs of

Scadoxus multiflorus, xylanase and a-amylase inhibitor protein (XAIP),

inhibits two structurally and functionally unrelated enzymes: xylanase and

a-amylase. The mature protein contains 272 amino acid residues which

show sequence identities of 48% to the plant chitinase hevamine and 36%

to xylanase inhibitor protein-I, a double-headed inhibitor of GH10 and

GH11 xylanases. However, unlike hevamine, it is enzymatically inactive

and, unlike xylanase inhibitor protein-I, it inhibits two functionally differ-

ent classes of enzyme. The crystal structure of XAIP has been determined

at 2.0 Å resolution and refined to Rcryst and Rfree factors of 15.2% and

18.6%, respectively. The polypeptide chain of XAIP adopts a modified tri-

osephosphate isomerase barrel fold with eight b-strands in the inner circle

and nine a-helices forming the outer ring. The structure contains three

cis peptide bonds: Gly33–Phe34, Tyr159–Pro160 and Trp253–Asp254.

Although hevamine has a long accessible carbohydrate-binding channel, in

XAIP this channel is almost completely filled with the side-chains of resi-

dues Phe13, Pro77, Lys78 and Trp253. Solution studies indicate that XAIP

inhibits GH11 family xylanases and GH13 family a-amylases through two

independent binding sites located on opposite surfaces of the protein. Com-

parison of the structure of XAIP with that of xylanase inhibitor protein-I,

and docking studies, suggest that loops a3–b4 and a4–b5 may be involved

in the binding of GH11 xylanase, and that helix a7 and loop b6–a6 are

suitable for the interaction with a-amylase.

Abbreviations

BASI, barley a-amylase ⁄ subtilisin inhibitor; Con-B, concanavalin-B; GH, glycosyl hydrolase; TIM, triosephosphate isomerase; XAIP, xylanase

and a-amylase inhibitor protein; XIP-I, xylanase inhibitor protein-I.
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properties and structure–function relationships. There-

fore, it is of utmost importance to understand how

proteins with significant sequence identities and struc-

tural similarities evolve to perform different functions.

A double-headed inhibitor of GH10 and GH11 xylan-

ases (xylanase inhibitor protein-I, XIP-I) is a good

example, as it shows a strong structural resemblance to

one of the enzymes whose function it inhibits. It folds

into a triosephosphate isomerase (TIM) barrel struc-

ture and inhibits the functions of GH10 xylanase with

a TIM barrel fold and GH11 xylanase with a jelly roll

conformation [9]. In the present context, it is impor-

tant to understand the components of molecular design

for correlation with new functions. In order to recog-

nize the specificities and patterns of protein–protein

interactions in these systems, it is necessary to deter-

mine the three-dimensional structures of individual

proteins and their complexes. We have isolated a novel

plant protein from Scadoxus multiflorus and found that

it binds specifically to two structurally very different

enzymes, GH11 xylanase and GH13 a-amylase, result-

ing in the inhibition of their enzymatic actions. Thus,

this protein is referred to here as ‘xylanase and a-amy-

lase inhibitor protein’ (XAIP). Its complete amino acid

sequence and three-dimensional structure have been

determined. As a member of the hydrolase 18C family,

it shows sequence identities of 48%, 39% and 11%

with hevamine [10], concanavalin-B (Con-B) [11] and

narbonin [12], respectively. The functions of the last

two enzymes are still unknown. It also shows sequence

identity of 36% with XIP-I [9,13]. The structural deter-

mination of XAIP has revealed that its polypeptide

chain adopts an overall TIM barrel conformation, sim-

ilar to that reported for other family 18 glycosyl

hydrolases (GHs) [14]. However, notably, this structure

contains an extra helix, a8¢, which is located between

b-strand b8 and a-helix a8, indicating that this protein

belongs to the subgroup of family 18C proteins [15].

The structure also showed that the carbohydrate-bind-

ing channel in XAIP is filled with the side-chains of

several amino acid residues, and hence not accessible

for the binding of carbohydrates.

Results

Sequence analysis

The complete nucleotide and derived amino acid

sequences of XAIP have been determined and depos-

ited in the GenBank ⁄EMBL data libraries under acces-

sion number EU663621. XAIP consists of 272 amino

acid residues, including four cysteines linked by two

disulfide bridges: Cys22–Cys63 and Cys157–Cys186.

A multiple sequence alignment shows that XAIP

shares sequence identities of 48%, 39%, 36% and 11%

with hevamine [10], Con-B [11], XIP-I [9,13] and nar-

bonin [12], respectively (Fig. 1). The chain lengths of

these proteins range from 272 to 299 residues. The

disulfide linkages in XAIP are identical to those of

XIP-I [9,13], whereas hevamine and Con-B have six

cysteine residues in each with an additional disulfide

bridge: Cys50–Cys57 (Fig. 1). Narbonin has only one

cysteine residue in the C-terminal region. Hevamine

shows chitinase activity with active site residues

Asp125, Glu127 and Tyr183 (hevamine numbering).

The corresponding triads in XAIP, Con-B, narbonin

and XIP-I are His123, Glu125, Tyr181; Asp129,

Gln131, Tyr189; His130, Glu132, Gln191; and Phe123,

Glu125, Tyr181, respectively, indicating that all lack

the standard combination of residues for chitin hydro-

lysing activity.

XAIP lacks chitin hydrolysing activity

The comparison of the amino acid sequence of XAIP

with that of hevamine shows that XAIP also belongs

to the GH family 18C proteins. The active site triads

in hevamine [10] and bacterial chitinase [16] contain

residues Asp125, Glu127 and Tye183, whereas the

corresponding residues in XAIP are His123, Glu125

and Tyr181, indicating a change from Asp to His in

XAIP. In order to determine experimentally the

chitinase activity of XAIP, a chitinolytic assay was

carried out at pH 8.0 using chitin azure (chitin dyed

with Remazol Brilliant violet [17]) as the substrate.

When chitin dyed with Remazol Brilliant violet was

hydrolysed with chitinase, absorption was observed at

575 nm. The optical densities for the product samples

obtained by the reaction of chitinase with chitin azure

clearly showed a distinct maximum at 575 nm. A sim-

ilar reaction set-up with XAIP did not show an

absorption maximum at 575 nm. As shown in Fig. 2,

at 575 nm for samples with chitinase, a large absorp-

tion maximum was observed, whereas, with XAIP

and without any protein in the experimental samples,

there were no changes in absorption, indicating that

XAIP does not possess chitinase-like chitinolytic

activity.

Inhibition of amylase and xylanase

As XAIP shows significant sequence identity and con-

siderable structural similarity with XIP-I [9,13], which

is an inhibitor of GH10 and GH11 xylanases, the role

of XAIP as an inhibitor of various pathogen enzymes

associated with plants, such as xylanases, chitinases
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and a-amylases, was examined. The results of inhibition

assays showed that, in the presence of XAIP, the activ-

ities of a-amylase from Bacillus licheniformis [18] and

xylanase from fungus Penicillium furniculosum [9] of

family GH11 were inhibited considerably. The

inhibition of GH11 xylanase was recorded to be up to

50% for an enzyme to XAIP molar ratio of 1 : 1.5

(Fig. 3B). Similarly, at a molar ratio of 1 : 1.2 between

a-amylase and XAIP, the activity of a-amylase was

reduced to about 50% (Fig. 3A). The IC50 values for

Fig. 1. Sequence alignment of XAIP (EU 663621), XIP-I [9,13], hevamine [10], Con-B [11] and narbonin [12]. Secondary structural elements,

i.e. a-helices and b-strands, are represented by cylinders and arrows, respectively. The cysteines are shown in yellow and disulfide bridges

are indicated by connecting links. The regions of the polypeptide chain involved in the binding site with GH11 xylanase are shown on a blue

background and those with a-amylase are shown on a red background. The amino acids corresponding to the chitinase active site are

indicated on a green background.
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enzymes GH11 xylanase and a-amylase with XAIP

were calculated to be 3.0 and 2.4 lm, respectively.

Evidence of complex formation by gel filtration

The gel filtration profiles for the mixtures of XAIP

and GH11 xylanase and XAIP and GH13 a-amylase

were analysed. The prominent peaks corresponding to

complexes of XAIP with GH11 xylanase and GH13

a-amylase were observed in each case. Two lower

molecular weight minor peaks were also detected in

both cases. The results of the third experiment, when

all three proteins XAIP, GH11 xylanase and GH13

a-amylase, were mixed, showed a significant peak cor-

responding to the molecular weight of the ternary

complex of XAIP, GH11 xylanase and GH13 a-amy-

lase. These observations indicate that XAIP associates

with GH11 xylanase and GH13 a-amylase, as well as

with both xylanase and a-amylase simultaneously.

Tissue distribution of XAIP

The output of SDS–PAGE for the samples obtained

from germinated bulb, root, leaf and flower showed an

intense band for XAIP (as confirmed by N-terminal

sequence determination) in the germinated bulb

samples, but the corresponding band was absent in the

leaf and flower samples, whereas, in the root sample, a

very thin band of XAIP was visible. The enzyme

inhibition assay using GH11 xylanase and GH13

a-amylase showed maximum inhibitory effects for the

germinated bulb sample, whereas no inhibition was

observed for leaf and flower samples, and mild inhibi-

tion for the root sample. These results clearly indicate

that the tissue distributions and concentrations of

XAIP are highest in germinated bulbs. XAIP is also

present in the root, but at a relatively low concentra-

tion. In other tissues, such as leaf and flower, XAIP

was not detected even after silver staining. Therefore,

it is either absent or is present at an extremely low

concentration. A similar distribution has also been

reported in the case of XIP-I [19]. It is also noteworthy

that, according to the classification of subcellular loca-

tions, XAIP is classified to be an extracellular secretory

protein, as predicted using its amino acid sequence

with the help of various procedures and software

packages bacello [20], cello [21] and prot comp

version 6.0 [22].
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Fig. 2. Measurements of chitinolytic activity of XAIP using chitin

azure (A) in the absence of any protein (a), with 1 lM concentration
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with increasing concentrations of XAIP (A) and of a-amylase from

Bacillus licheniformis with increasing concentrations of XAIP (B).
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Quality of the model

The overall geometry of the crystallographically deter-

mined XAIP model at 2.0 Å resolution is excellent, as

shown by continuous electron density for the polypep-

tide chain, as well as by the molprobity score of 84

percentile [23]. There is only one segment consisting of

residues Pro103–Phe112 for which a slightly weak elec-

tron density was observed, although there was no

ambiguity in tracing the protein chain or in the identi-

fication of side-chains, even though the value of the

average B factor for the residues of this loop is higher

(� 45 Å2) than the average B factor for the rest of the

protein (23 Å2). The B values for the residues in this

loop increase gradually as we move away from the two

rigid ends at Pro103–Pro104 and Pro111–Phe112. The

final model consists of 2108 protein atoms from 272

amino acid residues, one acetate and one phosphate

ion, and 300 water oxygen atoms. The final values for

the Rcryst and Rfree factors are 15.1% and 18.6%,

respectively. The rmsd values from ideality for bond

lengths and angles are 0.01 Å and 1.8�, respectively.

A Ramachandran plot [24] for the whole molecule

shows 88.5% of residues in the most favoured regions,

whereas 10.6% are observed in the additionally

allowed regions. Only two residues, His106 and

Ser130, have /, w angles in the generously allowed

region, as defined by procheck [25], whereas no resi-

due falls in the disallowed regions. There are three cis

peptides between Gly33–Phe34, Tyr159–Pro160 and

Trp253–Asp254 which are conserved in the structures

of other members of the subgroup consisting of hev-

amine [10], Con-B [11], narbonin [12] and XIP-I [9,13].

Overall structure of XAIP

The polypeptide chain of XAIP folds into an elliptical

TIM barrel structure with an eight-stranded parallel

b-barrel in the centre surrounded by nine a-helices

(Fig. 4A). The observed TIM barrel structure of XAIP

is similar to the classical (b ⁄a)8 barrel, except that it

contains an extra a-helix, a8¢, between strand b8 and

a-helix a8. The helix a8¢ is also observed in hevamine

[10], Con-B [11], narbonin [12] and XIP-I [9,13]. All of

these proteins with an extra helix a8¢ are clubbed into

a single subgroup, called family 18C proteins. As

shown in Fig. 4A, the parallel b-strands from b1 to b8

form a continuous circumference of the internal barrel.

In contrast, the surrounding a-helices of the outer ring

show gaps between various helices. The most promi-

nent gap is observed between helices a2 and a3. Inter-

estingly, the C-terminal end of helix a3 is abruptly

A B

Fig. 4. Schematic representations of the structure of XAIP: (A) top view; (B) view after rotation by 90� along the vertical axis and 30� along

the horizontal axis. The a-helices (green) and b-strands (green) are labelled from 1 to 8. Two disulfide bonds are indicated in yellow. The addi-

tional a-helix a8¢ is shown in orange. The loops a3–b4 and a4–b5 form the surface involved in binding with GH11 xylanase, and are shown

in blue, whereas helix a7 and loop b6–a6 from the opposite surface of the protein are assumed to be involved in binding with a-amylase,

and are indicated in magenta. Residues Pro103–Pro104 are shown in a ball and stick representation. The figure was drawn using PYMOL [42].

Crystal structure and inhibition studies of XAIP S. Kumar et al.

2872 FEBS Journal 277 (2010) 2868–2882 ª 2010 The Authors Journal compilation ª 2010 FEBS



interrupted because of the insertion of two Pro resi-

dues: Pro103 and Pro104. This loop is present at one

end of the longest axis of the elliptical molecule

(Fig. 4B). It is clear from the structure that the pres-

ence of two consecutive Pro residues at positions 103

and 104 alters the path of the protein chain, resulting

in the formation of a loop that protrudes away from

the protein surface into the solvent. There is yet

another interesting feature of the XAIP structure

which is related to the conformation of loop b3–a3.

This loop extends via the centre of the inner b-barrel

with Pro77 positioned at the centre of the b-barrel,

thus reducing the internal space of the TIM barrel

considerably. Of the three observed cis peptides, two

(Gly33–Phe34 and Trp253–Asp254) are found at the

ends of b-strands b2 and b8, respectively. These are

part of the inner TIM barrel wall, whereas the third

cis peptide, Tyr159–Pro160, belongs to the short b5–a5

loop on the surface of the protein. Both Tyr159 and

Pro160 are part of the reverse c-turn and are located

in a tightly organized environment as a useful struc-

tural element. All three cis peptides are conserved in

family 18C proteins. The single-domain TIM barrel

structure of XAIP resembles closely those of hevamine,

Con-B, XIP-I and narbonin. The average rms shifts

for Ca atoms of XAIP, when superimposed on those

of hevamine, Con-B, XIP-I and narbonin, are 1.0 Å

(256 residues), 1.1 Å (232 residues), 1.3 Å (228 resi-

dues) and 2.2 Å (185 residues), respectively.

XAIP characteristic loop

The structural determination of XAIP revealed the

presence of a novel loop that protrudes sharply away

from the surface of the protein. The longest helix a3 in

the structure is terminated abruptly by the introduc-

tion of two consecutive Pro residues: Pro103 and

Pro104. The presence of a Pro–Pro dipeptide is unique

to the XAIP sequence as the residues at the corre-

sponding positions in hevamine and Con-B are absent,

whereas narbonin and XIP-I have residues other than

Pro. The loop a3–b4, consisting of polypeptide

segment Pro103–Phe112, protrudes outwardly from the

body of the protein molecule (Fig. 4). However, this

flexible loop is tightly anchored at the two rigid ends

containing Pro103–Pro104 on one side and Pro111–

Phe112 on the other. The lower part of the loop,

which is proximal to the protein surface, is further sta-

bilized by two hydrogen bonds involving NH1 and

NH2 of the guanidinum group of Arg110 with the

backbone carbonyl oxygen atom of Leu102. The

anchoring on the C-terminal side of the loop is also

strengthened by a tight type II¢ b-turn involving tetra-

peptide Phe112–Gly113–Asn114–Ala115. The firmly

held loop at the two ends is very flexible in the middle

as no other parts of the protein chain interact with the

residues of this loop and, also, no other intraloop

interactions are observed. The side-chains of residues

His106, Ser107, Glu108 and Asn109 protrude away

from the protein, presumably to form intermolecular

interactions. In contrast, the corresponding segments

in hevamine, Con-B and narbonin are flat relative to

that of XAIP. In the case of XIP-I, the corresponding

loop differs considerably in amino acid sequence, indi-

cating a preference for a different recognition site.

Carbohydrate recognition site

As the amino acid sequence and scaffolding of the

polypeptide chain indicate that XAIP belongs to fam-

ily 18C proteins to which catalytically active hevamine

also belongs, the carbohydrate-binding site in XAIP

was examined and compared with those of other

carbohydrate-binding TIM barrel proteins. It has

already been reported that both Con-B and narbonin

can only bind small fragments of chitin polymers and

are unable to hydrolyse them [11,12]. The carbohy-

drate-binding channels in family 18C proteins are

generally formed with the carboxyl terminal residues

of the barrel b-strands with their following loops.

Although, structurally, the carbohydrate-binding

groove is also formed in XAIP, it is severely

obstructed by the side-chains of residues Phe13, Pro77,

Lys78 and Trp253 (Fig. 5A). The corresponding resi-

dues in hevamine are Gly11, Gly81, Ile82 and Trp256

(Fig. 5B). As seen in Fig. 5A, the position of Phe13 in

XAIP obstructs the entrance to the carbohydrate-bind-

ing groove. It may also be noted that Phe13 is one of

the corner residues at the (i + 1) position of a tight

type I¢ b-turn conformation, where its side-chain is

locked at a distant position from the carbohydrate-

binding tunnel and hence cannot be further pushed

away by the side-chain of Asp14 at the (i + 2) posi-

tion. Residue Asp14 is further locked at the observed

position by the side-chain of Asn12. Furthermore,

Asn12 is tightly packed with the side-chain of Tyr256.

In view of such a tight packing environment, the orien-

tation of the side-chain of Phe13 is unlikely to change

to facilitate interactions with substrates. The residue

corresponding to Phe13 is Gly11 in hevamine. Further-

more, Ser49Oc in XAIP forms a hydrogen bond with

the carbonyl oxygen atom of Gly10, which pushes the

loop b1–a1 into the groove, thus reducing its width

considerably. The residue corresponding to Ser49 is

Ala47 in hevamine which cannot form a hydrogen

bond to create a similar effect. The next most critical
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residue in XAIP is Pro77, which further reduces the

capacity of the groove for chitin binding as it pro-

trudes into the space of the chitin-binding channel.

The corresponding residue in hevamine is Gly81. The

closest distance between the atoms of Trp253 from one

side of the groove and those of Pro77 from the

opposite side of the groove is only 4.1 Å, whereas the

corresponding distance in hevamine between Trp255

and Gly81 is 7.7 Å. The side-chain of neighbouring

Asp254 is only 3.8 Å away from the side-chain of

Trp253 (Asp254 Od2
)Trp253 Ne1 = 3.8 Å). Further-

more, Asp254 is locked in a hydrogen-bonded interac-

tion with Trp257 through Asp254 Od1 and Trp257 N.

The upstream region of the groove is blocked by sev-

eral other intragroove interactions. The distance

between Trp253 Cb and Tyr181 OH is 3.7 Å, whereas

OH is hydrogen bonded to Gln179 (Tyr181

OH...Gln179 Oe1 = 3.1 Å). The observed interactions

involving Trp253 show that the side-chain of Trp253 is

absolutely locked at the observed position, and hence

is unlikely to change to accommodate the substrates.

This means that the size of the carbohydrate-binding

channel is not only reduced in width, but is also termi-

nated at the subsite just before the scissile bond. There

is another residue, Lys78 (Ile82 in hevamine), which

also contributes to the shrinkage of the width of the

carbohydrate-binding groove because it interacts with

Asp47 through an extremely tight network of water

molecules in the centre. Overall, both the length and

width of the carbohydrate-binding groove are consid-

erably reduced in XAIP (Fig. 5A) and may not accom-

modate chitin molecules. Therefore, the so-called

substrate-binding site in XAIP is structurally unsuit-

able for binding to chitin polymers, unlike those of

hevamine and other chitinases [10,16,26]. It should be

noted that the structural determination using crystals

of XAIP soaked in a solution containing cellobiose

revealed the presence of one molecule of cellobiose in

the structure. However, as seen in Fig. 6, it was found

at the interstitial site away from the so-called carbohy-

drate-binding site, indicating that XAIP lacks carbohy-

drate-binding capacity.

Comparison with the structure of XIP-I

Recently, the structure of XIP-I has been reported

[14]. It binds to two types of xylanase from the sub-

group of family 18C proteins: GH10 and GH11 xylan-

ases. The overall scaffolding of XAIP is similar to that

of XIP-I with an rms shift of 1.3 Å for the Ca atom

positions, showing notable differences observed in the

loop regions only. The structural differences are partic-

ularly significant in the loops b3–a3 (residues 75–85),

a3–b4 (residues 102–112), b4–a4 (residues 124–132),

a4–b5 (residues 145–150) and b6–a6 (residues 182–

192). An rms shift calculated for the Ca atoms of these

loops, consisting of a total of 48 residues, is approxi-

mately 2.1 Å. The loop b3–a3 contributes mainly to

the structuring of the carbohydrate-binding groove.

A comparison of the conformation of the b3–a3 loop

of XAIP with the corresponding loop in XIP-I shows

that the loop in XAIP is considerably more rigid as a

result of the presence of two Pro residues at positions

77 and 80. The corresponding residues in XIP-I are

Tyr80 and Gly83, respectively. This loop forms a part

of the boundary wall of the sugar-binding groove. The

next important loop a4–b5 in XIP-I is reported to be

involved in the binding to GH11 xylanase, whereas the

corresponding loop in XAIP is shorter in length by

three residues (Fig. 1). It also lacks crucial residues,

A B

Fig. 5. The surface diagrams of XAIP (A)

and hevamine (B) showing the carbohy-

drate-binding channels. The relevant

residues oriented towards the centre of the

channel are also indicated.
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such as Arg and Lys, that interact preferentially with

xylanase. Furthermore, this loop in XAIP forms a

structure with a rigid type I b-turn conformation, as a

result of which it lacks conformational adaptability

with respect to the substrate-binding cleft of the xylan-

ase molecule. However, a neighbouring loop a3–b4 in

XAIP appears to be chemically and structurally suit-

able for binding in the cleft of GH11 xylanase, because

this loop in XAIP is relatively long and has a flexible

conformation (Fig. 7A). Therefore, it fits into the sub-

strate-binding cleft of GH11 xylanase very well and

results in the formation of several interactions between

the two proteins (Fig. 7B). On the other hand, the cor-

responding loop in XIP-I is shorter in length and has

a structure with a rigid type I b-turn conformation;

therefore, its adaptability is restricted and hence it is

not observed in the substrate-binding cleft of GH11

xylanase. The roles of neighbouring loops a3–b4 and

a4–b5 in the structures of XAIP and XIP-I seem

to have interchanged for the interactions with GH11

xylanase. In addition, the residues from the N-terminal

side of a-helix a2 also interact with xylanase. The sec-

ond binding site reported in the structure of XIP-I is

located on the opposite surface of the protein in which

residues of helix a7 are mainly responsible for binding

to another class of xylanase GH10. In contrast, the

residues of helix a7 in XAIP are unable to interact

with xylanase GH10 because of the steric hindrance

caused by the presence of a neighbouring enlarged

loop b6–a6 (Fig. 7C). This loop in XAIP has three

extra residues relative to that of XIP-I (Fig. 1), and

the tip of the loop adopts a highly rigid type III b-turn

conformation. It protrudes into the solvent from the

protein surface, which may hamper the interactions

between residues of a7 and those of GH10 because of

steric hindrance. On the other hand, it has been shown

by solution studies that XAIP inhibits the activity of

a-amylase in a 1 : 1.2 molar ratio. The inhibition of

a-amylase by XAIP was also observed in the presence

of GH11 xylanase. Thus, the inhibition of a-amylase

by XAIP is unaffected by the addition of GH11 xylan-

ase. As mentioned above, it appears that this side of

the protein with helix a7 and loop b6–a6 is not suit-

able for binding to xylanase GH10, as observed in

XIP-I, but seems to be an appropriate motif for bind-

ing with GH13 a-amylase. It is noteworthy that the

residues of loop b6–a6, consisting of Ser187–Tyr188–

Ser189–Ser190–Gly191–Asn192, create a favourable

condition for interactions with the residues considered

to be indicative of true a-amylase [27,28] (Fig. 7C). As

observed in the case of the a-amylase–BASI complex

(BASI, barley a-amylase ⁄ subtilisin inhibitor) [27],

the b-barrel axis of XAIP is nearly perpendicular

to the barrel axis of a-amylase. The residues of a-helix

a7 and the loop b6–a6 form extensive interactions

with the residues of the V-shaped binding cleft of

a-amylase. There are at least 12 hydrogen bonds and

several van der Waals’ contacts (£ 4.0 Å) between the

two molecules. There are at least six common residues

of a-amylase that participate in the formation of

hydrogen bonds with BASI and XAIP, indicating a

significantly similar mode of binding. Thus, it can be

stated unambiguously that XAIP inhibits the actions

of enzymes GH11 xylanase and GH13 a-amylase,

Fig. 6. The initial |Fo)Fc| electron density for

cellobiose at 2.5r as located between two

symmetry-related molecules of XAIP.
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whereas XIP-I inhibits the functions of GH11 and

GH10 xylanases.

Discussion

As indicated by enzyme assay, extracellular secretory

XAIP lacks chitin hydrolysing activity. However, bio-

chemical assays with various common pathogen

enzymes have shown that XAIP inhibits the enzymatic

actions of GH11 xylanase and GH13 a-amylase sepa-

rately, as well as simultaneously. These observations

show that XAIP possesses two independent binding

sites. In this regard, XAIP appears to be functionally

different from other members of the family 18C pro-

teins: hevamine, Con-B and narbonin. In contrast, it

resembles closely XIP-I, which has been shown to pos-

sess two independent binding sites for two structurally

different GH10 and GH11 xylanases. The two binding

sites have been shown to coexist independently and are

located distantly on the opposite ends of the elliptical

XIP-I molecule [9,14]. The comparison of XAIP

with XIP-I indicates that both proteins possess two

independent binding sites on a similarly folded TIM

barrel structure. One of the two sites of XAIP, as in

the XIP-I molecule, is involved in the inhibition

of GH11 xylanase. This site in XIP-I consists of a

p-shaped flexible loop, a4–b5, which is easily inserted

into the binding cleft of GH11 xylanase. The corre-

sponding loop in XAIP is considerably shorter in

length as a result of three deletions (Fig. 1), and

adopts a rigid structure with a type I b-turn conforma-

tion in the middle of the short loop, making it unsuit-

able for binding in the wide binding cleft of GH11

xylanase. However, there exists another loop a3–b4 in

the vicinity of loop a4–b5 which possesses the required

chain length, with a flexible conformation and chemi-

cally suitable amino acid residues. Docking studies

have also indicated that it fits well into the substrate-

binding cleft of GH11 xylanase by laterally moving it

along the interface, and extensive intermolecular inter-

actions are formed between the residues of loop a3–b4

and a-helix a2 of XAIP with the residues of the cleft

of GH11 xylanase. In contrast, in the case of XIP-I,

the residues involved in the interaction with GH11

A B C

Fig. 7. (A) Superimposed loops a3–b4, a4–b5, b6–a6 and helix a7 of XAIP (cyan) and XIP-I (sky blue) (Protein Data Bank code: 1TE1). The

key residues involved in interactions with GH11 xylanase are also shown in the respective molecules. (B) XAIP (cyan) is shown to interact

with GH11 xylanase (green) through loops a3–b4 (residues 102–118) (red). Also shown is the loop a4–b5 (sky blue) of XIP from the structure

of its complex with GH11 xylanase (Protein Data Bank code: 1TE1(9)). (C) XAIP (cyan) is shown to interact with a-amylase (green) through

a-helix a7 (residues 230–243) and loop b6–a6 (residues 180–194).
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xylanase belong mainly to the loop a4–b5 and the

C-terminal end of a-helix a2. The buried surface area

in the interface between XAIP and GH11 xylanase is

1206 Å2. The corresponding buried surface area for

XIP-I and GH11 xylanase was calculated to be

1635 Å2 [9]. The second binding site in XIP-I is

observed on the opposite face of the protein, which is

involved in the inhibition of xylanase GH10. The

residues involved are mainly from helix a7 which inter-

acts extensively with the residues of the binding site of

the folded TIM barrel structure of xylanase GH10.

The superimposition of XAIP on XIP-I reveals that

XAIP cannot bind to xylanase GH10 because of steric

hindrance caused by an outwardly protruding loop,

b6–a6, which is located on the same face of the protein

in which helix a7 is present. In striking contrast, the

corresponding loop in XIP-I is considerably shorter

because of four deletions (Fig. 1), does not extend out-

wardly from the body of the protein and hence does

not cause steric problems in the binding site of xylan-

ase GH10. However, the face containing loop b6–a6

and a-helix a7 in XAIP was found to be highly com-

patible with the binding site of GH13 a-amylase. Solu-

tion studies have shown that XAIP inhibits a-amylase,

and docking studies have provided very good fitting

between the surface containing a-helix a7 and loop

b6–a6 of XAIP and the binding site of GH13 a-amy-

lase. The residues of XAIP that interact with a-amy-

lase belong mainly to the loop b6–a6 and helix a7.

This clearly shows that XAIP forms extensive interac-

tions with a-amylase through this favourable interface

between two proteins. It is noteworthy that the resi-

dues of a-amylase not only interact through helix a7,

but also form several additional interactions with resi-

dues of the b6–a6 loop. A comparison of the a-amy-

lase binding surface of XAIP with those of other

members of the subgroup, XIP-I, hevamine, Con-B

and narbonin, shows a significant similarity, indicating

that these proteins may also be involved in the inhibi-

tion of a-amylase. The total buried surface area in the

interface between XAIP and a-amylase is about

1347 Å2, which is considerably less than the value of

2355 Å2 reported for the BASI and a-amylase interface

[29]. However, this correlates well with the observed

binding constants, the values of which for XAIP–

a-amylase and BASI–a-amylase are 3.6 · 10)6 and

3.1 · 10)9 m [30], respectively. In contrast, the corre-

sponding surface in XIP-I is considerably different as

the size and conformation of loop b6–a6 do not over-

lap. However, it has been shown that XIP-I also inhib-

its a-amylase activity relatively poorly [31], because the

intended binding site in XIP-I is less favourably

oriented for binding to a-amylase. In this regard, the

corresponding sites in hevamine, Con-B and narbonin

differ from the binding site in XAIP because the loops

a3–b4 and a4–b5 are of inconsistent sizes. Therefore,

these may bind to either a different enzyme or to

GH11 xylanase with low affinity. Although XAIP

lacks chitinase activity, its sequence and structural

features are closely related to chitinases in the GH18

family [10]. It is well known that plant chitinases work

as defence proteins against bacterial and fungal infec-

tions. In addition, it has been shown previously that

plant chitinases are induced on pathogen infection and

are classified as pathogenesis-related proteins [32].

Experimental procedures

Purification of XAIP

The samples of underground bulbs of S. multiflorus were

collected from local nurseries. The bulbs were cut into small

pieces and pulverized in the presence of liquid nitrogen in a

ventilated hood. The pulverized plant tissues were stirred

for 24 h at 4 �C in the extraction solution containing

50 mm phosphate buffer, 0.2 m sodium chloride, pH 7.2;

2.5 g of polyvinylpyrrolidine per 100 mL were added to the

sample at the time of homogenization. The homogenate

obtained was centrifuged at 5000 g for 30 min at 4 �C. The

supernatant was loaded onto a DEAE–Sephadex A-50 col-

umn (50 · 2 cm) which was equilibrated with 50 mm phos-

phate buffer, pH 7.2. The protein was eluted using a

continuous gradient of 0.0–0.5 m NaCl in 50 mm phosphate

buffer, pH 7.2. The second peak of the eluted solution was

pooled and gel filtrated using a Sephadex G-50 column

(150 · 1 cm) with 25 mm Tris ⁄HCl, pH 8.0, at a flow rate

of 6 mLÆh)1. The first peak was collected, pooled and

lyophilized. In a separate experiment, the bulb tissues were

crushed and insoluble material was removed using simple

filtration with a very fine cloth. The filtered samples were

subjected to ammonium sulfate precipitation and XAIP

was purified from the precipitant. The sequence of the first

20 amino acid residues from the N-terminus was deter-

mined using an automatic protein sequencer PPSQ21A

(Shimadzu, Kyoto, Japan).

Estimation of XAIP in different tissues

In order to examine the tissue distribution of XAIP in

S. multiflorus, equal amounts of tissues from root, germi-

nated bulb, leaf and flower were homogenized separately

with five-fold (w ⁄ v) phosphate buffer in a mortar and pes-

tle, and left to stand for 6 h at 4 �C. After centrifugation,

the supernatants of all four tissues were concentrated sepa-

rately. These were desalted and SDS–PAGE for all four

samples was run. In addition, 20 lL of each sample was

used to test the inhibitory activity of XAIP against GH11
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xylanase and GH13 a-amylase enzymes. Furthermore, the

subcellular localization of XAIP was also obtained using

the reliable prediction procedures of bacello [20], cello

[21] and prot comp version 6.0 [22]. The procedures used

signal peptide, nucleotide and amino acid sequences for this

protein. All three procedures gave a very high percentile for

this protein to be extracellular.

Complete nucleotide sequence determination

In order to obtain the complete amino acid sequence of

XAIP, fresh tissue from bulbs of S. multiflorus was used.

It was homogenized in 4 m guanidine isothiocyanate

(GITC) buffer (pH 5.0) in ice-cooled conditions and stored

at )70 �C. Total RNA was extracted by the phenol–chloro-

form method [33]. Poly(A+) mRNAs were isolated from

total RNA using an oligo(dT) cellulose column (Amersham

Pharmacia Biotech, Piscataway, NJ, USA). The small syr-

inge column packed with oligo(dT) cellulose was washed

with 10 mL of high-salt buffer (1 m NaCl), 1 mm Na2-

EDTA, 40 mm Tris ⁄HCl. Total RNA was mixed with an

equal volume of salt 1 buffer, warmed to 65 �C and cooled

immediately by placing it on ice. The chilled RNA was

passed through the column packed with oligo(dT) cellulose.

The column was washed with 3 mL of low-salt buffer

(0.1 m NaCl, 1 mm Na2-EDTA). Amplification was carried

out with Moloney Murine Leukaemia Virus reverse trans-

criptase polymerase using oligo(dT) primers. A portion

(2 lL) of the reverse transcriptase-polymerase chain reac-

tion (RT-PCR) was used for PCR amplification of the

gene. The primers were designed using already determined

N-terminal sequences and based on the sequence obtained

from the preliminary structural analysis. Both forward and

reverse primers were synthesized. The degenerate primers

were used to amplify the gene. The forward primer 5¢-

GCNAAYYTNGAYATHGCNGT-3¢ was prepared from

the known amino acid sequence of Ala–Asn–Leu–Asp–Ile–

Ala–Val, which was obtained using automatic sequencing

from Edman degradation [34]. The reverse primer 5¢-

CCANCCYTCNCCNARDAYTT-3¢ was degenerated from

the amino acid residues Lys–Ile–Leu–Gly–Glu–Gly–Trp, as

obtained from the structural determination with characteristic

electron densities for these residues. PCRs were carried out

with Taq polymerase (Promega, Madison, WI, USA) using an

MJ Research thermal cycler model PTC-100 (Watertown,

MA, USA). The complete nucleotide sequence of XAIP was

determined using cloned double-strand DNA (pGEM-T) with

automatic sequencermodel ABI-377 (Foster City, CA, USA).

Chitinolytic activity assay

As XAIP showed a maximum sequence identity of 48%

with the chitin hydrolysing protein hevamine, its activity as

a chitinase enzyme was examined. Chitin azure (chitin dyed

with Remazol Brilliant violet 5R) was procured from

Sigma-Aldrich (St Louis, MO, USA). The chitinase enzyme

from Streptomyces griseus was also obtained from Sigma-

Aldrich. Substrate chitin azure (2.5 mgÆmL)1) was dissolved

in sodium acetate buffer, pH 5.5, and in another buffer at

pH 8.0; 250 lL of 1 lm and 100 lm XAIP were added and

the solution was incubated at 37 �C. Similar set-ups were

prepared with chitinase and with the buffer alone for use as

positive and negative controls, respectively. The mixtures

from these set-ups were centrifuged at 1816 g, and the

absorbances of the supernatants were recorded at 575 nm

at intervals of 2 h.

Xylanase inhibition assay

Xylanase from P. furniculosum and beechwood xylan were

purchased from Sigma-Aldrich. The xylanase activity assay

was performed using beechwood xylan as a substrate for

xylanase enzyme from P. furniculosum in 10 mm sodium

acetate buffer, pH 5.5; 0.5 mL of substrate (10 mgÆmL)1)

was added to prepare a reaction mixture of 1 mL, contain-

ing 5 lm of xylanase, and incubated for 30 min at 50 �C.

Xylanase acted on the substrate to release the reducing

sugar, which was determined by its reaction with dinitrosal-

icyclic acid at 540 nm. The xylan hydrolysing activity of

xylanase was determined in the presence of increasing

concentrations of XAIP. The percentage of xylanase inhibi-

tory activity was calculated from the residual xylanolytic

activity. It was also used to obtain the IC50 value of XAIP.

Each set of experiments was repeated six times with a

standard error of £ 2%.

Amylase inhibition assay

Amylase inhibition by XAIP was determined using a-amy-

lase from B. licheniformis and barley (Sigma-Aldrich); 2 lm

of enzyme was incubated with 3.6 lm of XAIP for 10 min at

37 �C, sufficient to achieve equilibrium; 1% starch solution

(prepared in 50 mm sodium phosphate buffer, pH 7.2) was

used to estimate the inhibition by XAIP based on the amount

of reducing sugars released by the enzyme in the presence of

XAIP. The amount of reducing sugar was estimated by dini-

trosalicyclic acid based on the Bernfeld method [35]. The con-

centration of XAIP needed to reduce the amylase activity by

50% was calculated from the activity–XAIP concentration

curve. The curves were fitted using Sigma plot software, and

the IC50 value of XAIP was calculated using varying concen-

trations ranging from 0.6 to 4.8 lm. All spectroscopic mea-

surements were made using a UV–visible spectrophotometer

(Lambda 25; Perkin-Elmer, Boston, MA, USA) at 540 nm.

Each set of experiments was repeated six times with an

estimated standard error of £ 3%.

In order to examine complex formation between XAIP

(Mw = 30 kDa) and xylanase (Mw = 20 kDa), gel filtra-

tion of the mixture of XAIP and GH11 xylanase was

carried out. XAIP and xylanase were mixed in a 1 : 1 molar
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ratio in 10 mm sodium acetate buffer at pH 5.5 to give a

final protein concentration of 20 mgÆmL)1. It was passed

through a Sephadex G-100 gel filtration column (100 ·

2cm) using 25 mm Tris ⁄HCl, pH 8.0, at a flow rate of

6.0 mLÆh)1. The elution profile showed the presence of three

peaks, with peak 1 being the major fraction. The estimation of

the molecular weight indicates a first peak of approximately

50 kDa, a second peak of 30 kDa and a third peak of about

20 kDa. A similar gel filtration experiment was also carried

out for the complex of XAIP with a-amylase. A mixture of

XAIP and a-amylase was dissolved in 50 mm sodium acetate

buffer at pH 7.2 to give a final protein concentration of

20 mgÆmL)1. It was passed through a Sephadex G-150 gel fil-

tration column (100 · 2 cm) using 25 mm Tris ⁄HCl at a flow

rate of 6.0 mLÆh)1. The elution profile consisted of one main

peak and two minor peaks. The molecular weight as estimated

from the void volume corresponded to 83 kDa for the main

peak. The minor peaks were observed at molecular weights of

53 and 30 kDa, corresponding to the molecular weights of the

individual proteins a-amylase and XAIP, respectively. A fur-

ther gel filtration experiment with a 1 : 1 : 1 mixture of XAIP,

GH11 xylanase and a-amylase was carried out with a Sepha-

dex G-200 gel filtration column (100 · 2 cm) using 50 mm

Tris ⁄HCl buffer at pH 8.0. The elution profile showed a

prominent peak at a molecular weight of approximately

103 kDa with five other minor peaks of lower molecular

weights.

Crystallization of XAIP

The freshly purified samples of protein were dissolved in

20 mm phosphate buffer, pH 7.2, to a final protein concen-

tration of 20 mgÆmL)1. The protein was crystallized by the

hanging drop vapour diffusion method at 293 K using

24-well Limbro crystallization plates (Flow Laboratories,

McLean, VA, USA). The protein drops of 10 lL were

equilibrated against reservoir solution containing 0.1 m

ammonium sulfate, 20 mm phosphate buffer, pH 7.2, 0.1 m

sodium acetate and 20% PEG-6000. The crystals grew to

maximum dimensions of 0.3 · 0.15 · 0.10 mm3 within

3 weeks. The crystals of XAIP were also soaked in three

separate reservoir solutions containing sugars [(a) mannose;

(b) cellobiose; and (c) N-acetylglucosamine] at concentra-

tions in excess of 20 mgÆmL)1. Attempts were also made to

cocrystallize XAIP with the above three sugars.

Data collection and processing

A complete dataset was collected using a MAR 345 imaging

plate scanner (Marresearch, Nordersledt, Germany)

mounted on a Rigaku RU-300 rotating anode X-ray genera-

tor (Rigaku, Tokyo, Japan) operating at 100 mA and 50 kV.

Osmic Blue confocal optics were used to focus Cu Ka

radiation. The X-ray intensity data were also collected on

soaked crystals. The data were indexed and scaled using the

programs denzo and scalepack [36]. The overall value of

Rsym was found to be 6.5% for the entire dataset on the native

crystals. The details of data collection and statistics are sum-

marized in Table 1. The data were also collected on three

soaked crystals and three cocrystallized crystals.

Structural determination

The structure of XAIP has been determined by the molecu-

lar replacement method using molrep [37]. The coordinates

Table 1. Data collection and refinement statistics. Numbers in

parentheses correspond to the data in the highest resolution shell.

Structure

of XAIP

Structure of the

complex of

XAIP and

cellobiose

Space group P21 P21

Unit cell dimensions

a (Å) 42.8 42.8

b (Å) 65.4 65.6

c (Å) 49.4 49.4

b (deg) 102.0 102.1

Number of molecules

in the unit cell

2 2

Resolution range (Å) 48.2–2.0

(2.10–2.07)

48.2–2.0

(2.49–2.40)

Total number of measured

reflections

102496 70854

Number of unique

reflections

16787 (1239) 10289 (1021)

Rsym
a (%) 6.5 (26.2) 9.1 (33.2)

I ⁄ r(I) 9.0 (2.1) 5.8 (2.0)

Completeness of data (%) 100 (99.9) 98 (98)

Rcryst
b (%) 15.1 (21.8) 19.8 (24.6)

Rfree
c (%) 18.6 (28.7) 21.4 (27.5)

Protein atoms 2108 2108

Water oxygen atoms 300 115

Phosphate ion 1 1

Acetate 1 1

Rmsd in bond lengths (Å) 0.01 0.01

Rmsd in bond angles (deg) 1.8 2.0

Rmsd in torsion angles (deg) 19.2 26.1

Average B factors (Å2)

Main chain atoms 22.8 33.9

Side-chain and water atoms 29.7 35.5

All atoms 26.5 34.7

Ramachandran’s /, w map, residues in (%)

Most favoured regions (%) 88.5 91.6

Additionally allowed

regions (%)

10.6 7.1

Generously allowed

regions (%)

0.9 1.3

Protein Data Bank ID 3HU7 3M7S

a
Rsym =

P
hkl

P
i |Ii(hkl ) ) I(hkl )| ⁄

P
hkl

P
i Ii(hkl ).

b
Rcryst = Rhkl |Fobs

(hkl ) ) kFcal(hkl )| ⁄Rhkl |Fobs(hkl )|.
c 5% of reflections were excluded

from refinement and used for the calculation of Rfree.
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of the structure of hevamine, which shows a sequence iden-

tity of 48%, were used as a model (Protein Data Bank

code: 2HVM) [11]. The rotation and transition search func-

tions were computed using reflections in the resolution

range 20.0–4.0 Å. This yielded a clear solution with a dis-

tinct peak. The molecular packing in the unit cell, calcu-

lated using the above solution, did not produce

unfavourable short contacts. The transformed coordinates

were subjected to 25 cycles of rigid body refinement with

refmac5 [38] from the ccp4i V4.2 program package [39].

After the first round of refinement, the Rcryst and Rfree fac-

tors reduced to 0.326 and 0.412, respectively (5% of the

reflections were used for the calculation of Rfree). The

|2Fo ) Fc| Fourier and |Fo ) Fc| difference Fourier maps

computed at this stage clearly indicated new electron densi-

ties for at least three loop regions into which the protein

chain was built. Further rounds of refinements with these

additional protein segments converged Rcryst and Rfree

factors to 0.248 and 0.278, respectively. The manual model

building was carried out with graphics programs o [40] and

coot [41] on a Silicon Graphics O2 Workstation. The

|Fo ) Fc| difference Fourier map calculated at this stage

revealed the positions of one phosphate and one acetate

ion. The positions of 300 water oxygen atoms were also

determined using arp ⁄warp. The refinement finally con-

verged with Rcryst and Rfree factors of 0.151 and 0.186,

respectively. The final refinement statistics are included in

Table 1. The structures were also refined using data from

the three soaked and three cocrystallized crystals. However,

the interpretable electron density was observed only from

the data obtained from the soaked crystals with cellobiose

(Fig. 6). Therefore, the details of data collection and refine-

ment statistics were included in Table 1 for the structure

containing cellobiose only.

In silico docking

As the biochemical studies indicated specific binding of

XAIP with GH11 xylanase and a-amylase, the interactions

between XAIP and a-amylase and between XAIP and

GH11 xylanase were examined using docking procedures.

For this purpose, discovery Studio 2.0, insight ii and o

program [40] packages were used for docking and structural

analysis. The coordinates of a bacterial GH11 xylanase

from P. furniculosum complexed with XIP-I (Protein Data

Bank code: 1TE1) and those of a-amylase from B. licheni-

formis (Protein Data Bank code: 1BLI) were used sepa-

rately for docking on the surface of XAIP. Using program

o on a silicon graphics workstation O2, the intermolecular

interactions between participating molecules involving resi-

dues at the interface were optimized. Various sites in the

structure of XAIP were examined by docking the molecules

of a-amylase and GH11 xylanase, but the sites that fitted

the best were selected. The complexes of XAIP with

selected sites were examined to evaluate the intermolecular

interactions between the pairs of proteins, XAIP–a-amylase

and XAIP–GH11 xylanase.
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