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Abstract The crystal structure of NP24-I, an isoform of

the thaumatin-like protein (TLP) NP24 from tomato, has

been reported. A prominent acidic cleft is observed

between domains I and II of the three-domain structure of

this antifungal protein, a feature common to other anti-

fungal TLPs. The defensive role of the TLPs has also been

attributed to their b-1,3-glucanase activity and here too the

acidic cleft is reported to play a vital role. NP24 is known

to bind b-glucans and so a linear b-1,3-glucan molecule has

been docked in the interdomain cleft of NP24-I. From the

docked complex it is observed that the b-glucan chain is so

positioned in the cleft that a Glu and Asp residue on either

side of it may form a catalytic pair to cause the cleavage of

a glycosidic bond. NP24 has been reported to be an aller-

genic protein and an allergenic motif could be identified on

the surface of the helical domain II of NP24-I. In addition,

some allergenic motifs bearing high similarity/identity with

some predicted Ig-E binding motifs of closely related

allergenic TLPs like Jun a 3 (Juniperus ashei, from

mountain cedar pollen) and banana-TLP have been iden-

tified on the molecular surface of NP24-I.
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Abbreviations

TLP Thaumatin-like protein

PR Pathogenesis related

OLP Osmotin-like protein

CM-pachyman Carboxymethyl pachyman

Ig-E Immunoglobulin E

PEG Polyethylene glycol

Introduction

The thaumatin-like proteins (TLPs) belong to the Group 5

of the pathogenesis related (PR) family. The TLPs con-

stitute a homogeneous family, members of which are

produced by plants in response to different kinds of stress.

Osmotin and osmotin-like proteins (OLPs) are non-sweet,

salt induced proteins belonging to this group. NP24 is one

such salt-induced protein from tomatoes. Though NP24

primarily accumulates in the root, it was first discovered by

Pressey (1997) that the tomato fruit is a rich source of the

protein. Two isoforms of NP24 (I and II) were observed,

among which NP24-I was found to increase significantly

during ripening of the fruit, which indicates that this salt-

induced protein is developmentally regulated as well.

When tobacco and tomato suspension cells are adapted

for growth in the presence of NaCl or other water potential

reducing agents, an abundant quantity of a 24 kDa protein

accumulates (King et al. 1986). The cDNA clones of these

proteins have been subsequently characterized (King et al.

1988; Singh et al. 1989) as NP24 and osmotin, respec-

tively. In addition to their roles in cellular tolerance of

dehydration, both these proteins were found to cause spo-

rangial lysis of Phytophthora infestans (Woloshuk et al.

1991), which suggests their involvement in protecting plant
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cells from pathogens. Antifungal properties of TLPs have

been extensively studied against a number of fungal spe-

cies (Vigers et al. 1992). Though the exact molecular

mechanisms through which the PR5 proteins exert their

antifungal activity is yet unclear, it has been suggested that

the fungal cell walls could be involved in the interactions

between TLPs and invading fungi (Abad et al. 1996; Yun

et al. 1998). Some TLPs bind b-1,3-glucans of the type

commonly found in fungal walls (Theis and Stahl 2004).

Consequently, those elements which are able to interact or

degrade b-1,3-glucans are of importance in the battle

against fungal invasion/infection. TLPs can exhibit glucan

binding or glucanase activity (Trudel et al. 1998; Grenier

et al. 1999; Osmond et al. 2001; Van Damme et al. 2002).

Grenier et al. (1999) demonstrated that six TLPs (including

NP24), binding or not to water-insoluble b-1,3-D-glucans,

act as endo-b-1,3-glucanases on polymeric b-1,3-D-glu-

cans. These findings, illustrating the unusual enzymatic

activity of some TLPs, bring new insights into the mech-

anisms attributed to the antifungal activity of TLPs.

The pathogenesis-related proteins are reported to be a

rich source of allergens (Knox and Suphioglu 1996;

Astwood et al. 1996; Breiteneder 2004). The PR-5 family,

in particular, comprises a number of allergenic proteins.

Several allergenic TLPs are present in fruits (Breiteneder

2004) such as apple (Mal d 2), cherry (Pru av 2), bell pepper

(Cap a 1 w), kiwi fruit (Act c 2), tomatoes (Lyc e NP24),

etc. Jun a 3 from mountain cedar was the first isolated pollen

allergen of this group. As these PR-5 allergens in pollen and

fruits have similar structures, the knowledge can be utilized

to guide specific immunotherapeutic treatment of allergy. It

is essential to have a structural knowledge of the epitopes,

which are responsible for allergenecity of these proteins and

this knowledge can be utilized to design therapeutic agents

based on them. NP24 belongs to the food allergen category

of the Structural Database of Allergenic Proteins (SDAP)

(http://fermi.utmb.edu/SDAP) (Schein et al. 2007). An

allergenic motif has been identified in the sequence of

NP24-I.

In order to understand its function from a structural

point of view, the crystal structure of NP24-I has been

determined at 2.45 Å resolution and docking studies were

carried out with a b-1,3-glucan molecule to explain the

glucan binding and glucanase activity of the protein.

Materials and methods

Purification, crystallization, data collection, structure

determination and refinement

NP24-I was purified from locally available ripe tomatoes

(Lycopersicon esculentum L.) as previously described

(Ghosh and Chakrabarti 2005). Needle-shaped crystals

were obtained by the hanging-drop vapor-diffusion method

using the optimized condition No.4 of the PEG/Ion screen

(Hampton Research Inc., Aliso Viejo, CA, USA). The

crystals belonging to the space group P43 with unit cell

parameters a = b = 61.01, c = 62.90 Å were characterized

and preliminary X-ray studies were reported (Ghosh and

Chakrabarti 2005) at 2.45 Å. Diffraction data were col-

lected in-house at room temperature with a MAR345dtb

imaging-plate (Marresearch, Hamburg, Germany) system

and a BRUKER FR591 rotating anode generator (Bruker

AXS, Madison, WI, USA) equipped with the Osmic

Confocal Max-Flux optic system (Rigaku/MSC, The

Woodlands, TX, USA). The phase problem was solved by

molecular replacement using the program AMoRe (Navaza

1994) implemented in the CCP4 suite (Collaborative

Computational Project, Number 4 1994) using the crystal

structure of osmotin (PDB ID:1PCV) as the template. Rigid

body refinement with AMoRe (Navaza 1994) yielded an R

factor of 32.6% and a correlation factor of 71.1%.

Molecular replacement was followed by one run of rigid-

body refinement using CNS (Brünger et al. 1998), which

resulted in R and Rfree values of 30.5 and 29.0%, respec-

tively, with 5% data in the test set. The resolution range

was 20–3.0 Å. Subsequent positional refinement with

manual model building using QUANTA (Accelrys Inc.,

San Diego, CA, USA) according to Fo - Fc and 2Fo - Fc

electron density maps yielded and R of 23.0% and Rfree of

27.1%. Following simulated annealing refinement (3,000–

300 K) the R factor was reduced to 22.4% (Rfree = 26.1%).

Water molecules were incorporated into the model con-

servatively, i.e., only if they appeared as discrete spherical

peaks in both 2Fo - Fc (1.0r) and Fo - Fc (3.5r) electron

density maps, satisfying the hydrogen-bonding criteria as

incorporated in CNS (Brünger et al. 1998). Finally, a few

cycles of positional B-group refinement of the protein

structure with 67 water molecules and a Cl- ion yielded a

final R-factor of 17.1% and an Rfree factor of 22.4%. The

refinement statistics are given in Table 1. The final model

was validated by PROCHECK (Laskowski et al. 1993).

Molecular images were created by PyMOL (http://

pymol.sourceforge.net) and GRASP (Nicholls et al.

1991). The structure has been deposited in the Protein Data

Bank (PDB ID:2I0W).

Docking of a 1,3-b-D-glucan

Three-dimensional molecular modeling studies were per-

formed on an Insight II (MSI, San Diego, CA, USA)

molecular modeling platform run on a Silicon Graphics

Octane2 workstation (Silicon Graphics, Sunnyvale, CA,

USA). The ligand protein complex was generated based

on the coordinates of NP24-I and curdlan (Deslandes
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et al. 1980) determined by X-ray diffraction studies. For

thaumatin-like proteins, the polysaccharide-binding site is

likely to be located in the surface cleft region (Osmond

et al. 2001; Menu-Bouaouiche et al. 2003). The ligand

was therefore introduced manually into the cavity in a

position suitable to get a minimum number of clashes. In

order to avoid steric hindrance, five crystallographic

waters were removed from the cavity (22, 48, 50, 54 and

66) of NP24-I. Hydrogen atoms were added to the com-

plex structure using the BUILDER module of Insight II

(MSI Inc.). The force-field potentials and partial charges

were assigned subsequently. The consistent valence force

field (CVFF) was used for simulation studies. The

resulting complex structure was then subjected to energy

minimization using the DISCOVER module of Insight II

(MSI Inc.). A dielectric constant 1.0 was used throughout

the energy minimization. The complex was subjected to

500 steps of conjugate-gradient minimization. The final

rms derivatives of energies were below 1.0. The aromatic

ring of Phe95 of NP24-I was kept at a distance 6 Å from

the hydrophobic face of one glucosyl residue and this

restraint was used throughout the entire docking

procedure.

Results

Crystal structure of NP24-I

The three-dimensional structure of NP24-I (Fig. 1) com-

prises the characteristic thaumatin-like fold. It consists of

three domains. Domain I forms the central core of the

molecule. It is made up of 11 b-strands forming a

b-sandwich. Six antiparallel b-strands form the front sheet

and the other five form another b-sheet, which together

constitute the b-sandwich. Three of the eight disulfide

bonds in the structure are in this domain (residues 9–104,

120–192 and 125–175). Domain II, on one side of the core

domain I, consists of an a-helix, three a-helical segments

and a b-sheet and is stabilized by three disulfide bonds

(residues 133–143, 147–156, 157–162). The short domain

III, on the other side of domain I is made up of a stretch of

32 amino acid residues comprising a long loop and a

b-sheet. This domain has two disulfide bonds (residues

51–61, 66–72). All the eight disulfide bonds, marked in

yellow in Fig. 1, are highly conserved in thaumatin (Ogata

et al. 1992) and the TLPs (Batalia et al. 1996; Koiwa et al.

1999; Min et al. 2004; Leone et al. 2006).

The cleft region

In the structure of NP24-I, a prominent cleft is observed

between domains I and II, a characteristic feature observed

in thaumatin as well as in the TLPs. Electrostatic modeling

of NP24-I reveals a highly acidic cleft (Fig. 2a) as also

Table 1 Summary of data collection and final refinement statistics

Crystal dataa

Space group P43

Unit cell params (Å) a = b = 61.01, c = 62.90

Resolution (Å) 100–2.45 (2.51–2.45)

Completeness (%) 99.9 (99.8)

Multiplicity 4.06 (4.04)

I/r (I) 3.9 (1.5)

Rmerge
b (%) 9.10 (33.69)

Refinement statistics

Resolution range (Å) 20–2.45

No. of protein atoms 1553

No. of solvent molecules 67 (water), (1 Cl-1)

R factorc (%) 17.1

Rfree
c (%) 22.3

R.m.s. deviation from ideality

Bond lengths (Å) 0.006

Bond angles (�) 1.40

Average B values (Å
2

) 33.2

Ramachandran plot, residues in (%)

Most favored regions (%) 88.2

Additionally allowed regions (%) 11.8

a Values in parentheses are for the outer resolution shell
b Rmerge = [

P
(|Ih - \Ih[|)2/

P
(Ih)2]1/2, where \Ih[ is the average

intensity of reflection h and symmetry-related reflections
c R = Rfree =

P
||Fo| - |Fc||/

P
|Fo| calculated for reflections of the

working set and test (5%) sets, respectively

Fig. 1 A ribbon representation of NP24-I, showing the three domains

in pink (I), blue (II) and green (III). The eight disulfide bonds in the

structure are indicated in yellow. The cleft region lies at the interface

of domains I and II
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observed in the three-dimensional structures (Batalia et al.

1996; Koiwa et al. 1999; Min et al. 2004; Leone et al.

2006) of other antifungal TLPs. The side-chains of four

conserved acidic residues, Glu84, Asp97, Asp102 and Asp

185 in NP24-I, intrude inside the cleft from domain II. Two

of these, Glu89 and Asp101, however, are also present in

thaumatin, which has a predominantly basic cleft. An

important residue which makes an important contribution

towards the basicity of the interdomain cleft in thaumatin is

Lys49. In NP24-I, though the corresponding residue is also

basic (Arg44), it is masked by Trp75, one of the four

aromatic residues in the vicinity (the others being Phe90,

Phe95 and Tyr179) surrounding its acidic cleft. In addition,

a number of lysine residues, absent in the TLPs, surround

the cleft region in thaumatin, which are thought to account

for its sweet property (Kaneko and Kitabatake 2001). In

NP24-I, residues Thr73, Leu93, Asp185 and Ala136

replace these lysine residues. Moreover, a stretch of amino

acid residues (19KGDAALDAGGR29) observed in thau-

matin, called the ‘thaumatin loop’, is also thought to be

responsible for its sweet taste (Slootstra et al. 1995). This

stretch in NP24-I is much shorter and exhibits a deletion of

six residues, 20IG…GGR24. It is interesting to note,

however, that the back surface of NP24-I, like thaumatin, is

basic in nature (Fig. 2b).

Antifungal and b-glucanase activity

It has been suggested that the electronegative character of

the interdomain cleft of the TLPs makes an important

contribution towards their antifungal and b-glucanase

activities (Grenier et al. 1999; Leone et al. 2006). The

endo-b-1,3-glucanase activity of NP24 on a polymeric

b-1,3-D-glucan has been demonstrated by Grenier et al.

(1999). So, docking studies have been done to investigate

the structural basis for the interaction of NP24-I with b-1,3-

D-glucans and to understand its glucan binding properties

and glucanase activity. For this purpose, curdlan, a water

insoluble b-1,3-D-glucan, was manually docked into the

surface cleft of NP24-I. The clefts of TLPs are not suffi-

cient to accommodate insoluble glucans like curdlan in

untreated conditions owing to their large size and rigidity

of the triple-helical structure, and interactions, as corrob-

orated from experiments on the barley TLP (Osmond et al.

2001), are possible only in an extended conformation.

Therefore, a single curdlan chain was used for docking and

the shape complementarity between the protein and the

ligand was good (Fig. S1). The model predicts that the

residues Arg44, Gly59, Thr60, Asp65, Gly67, Trp75,

Lys77, Pro78, Glu84, Asp102, Thr148, Cys156, Pro182,

Asp185 are present within a distance of 3.5 Å from the

docked glucan molecule (Fig. 3). Among these residues,

Arg44, Gly59, Thr60, Asp65, Trp75, Lys77, Glu84,

Asp102, Thr148, Cys156, Asp185 are involved in hydro-

gen bonding with the bound polysaccharide. In the docked

complex, the b-1,3-D-glucan residue passes through the

central cleft region with Glu84 on one side and Asp102,

Asp97 on the other. This kind of orientation of a Glu-Asp

pair, which is found in glucanases, is a pre-requisite for the

cleavage of a glycosidic bond. In glucan hydrolysis, the

average distance between the carboxylic oxygen atoms of

the two catalytic residues is about 5 Å for the retaining

mechanism (Zechel and Withers 2001). In NP24-I, the

distance between Oe of Glu84 with Od of Asp97 is 2.78 Å,

which is too short to act as a catalytic pair. However, for

the Glu84-Asp102 pair, this distance is greater (6.31 Å)

and it perhaps functions as the proton donor and nucleo-

phile pair that acts as the plausible catalytic center required

for endo-glucanase activity.

Prediction of allergenecity

On analysis of the NP24-I sequence, using the WebAllergen

server (http://weballergen.bii.a-star.edu.sg/), a 35-residue

allergenic motif 152GQQYCCTQGPCGPTELSKFFKKRC

PDAYSYPQDDP186 was identified, by comparing with a

Fig. 2 a, b GRASP (Nicholls

et al. 1991) representation of the

electrostatic surface potentials

of NP24-I showing the highly

acidic cleft (a) and a view of the

same molecule turned 180 about

the x axis (b). The negative

potential (colored red) and the

positive potential (colored blue)

are displayed at -5 kT level and

+5 kT level (1 kT = 0.6 kcal),

respectively
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set of pre-built allergenic motifs in this database. The

identified epitope (152–186) of NP24-I is mainly distributed

on the helical domain II (Fig. 4a). This epitopic region of

NP24-I shares both sequence and structural similarity with

banana-TLP (ban-TLP) (Fig. 4b), the only allergenic PR-5

family TLP whose three-dimensional structure is known

(PDB ID: 1Z3Q). When this epitopic region of NP24-I is

projected on to the three-dimensional structure of the

molecule, it is found to lie on the surface of the molecule

(Fig. 5a). In addition to this motif, some parts of NP24-I

exhibit high similarity/identity with other predicted Ig-E

binding motifs of closely related allergenic TLPs. These

motifs (Table 2) have been identified from a search of

the Structural Database of Allergenic Proteins (SDAP)

(http://fermi.utmb.edu/SDAP) and are also located on

the molecular surface of the protein (Fig. 5b). There is,

however, no experimental confirmation of the allergenecity

of NP24-I.

Discussion

The crystal structure of NP24-I, an isoform of a thaumatin-

like protein (TLP), with antifungal properties has been

reported at 2.45 Å resolution. The structure comprises the

characteristic thaumatin-like fold with a prominent acidic

cleft between domains I and II of the three-domain struc-

ture. An interesting observation from structures of all the

reported antifungal TLPs till date (Batalia et al. 1996;

Koiwa et al. 1999; Min et al. 2004; Leone et al. 2006) is

that each of them has an acidic interdomain cleft. In con-

trast, thaumatin, with its predominantly basic cleft region,

Fig. 3 Interactions between

NP24-I and the curdlan

molecule in the cleft region. The

curdlan molecule and

interacting residues of NP24-I

are shown as stick models with

carbon atoms colored pink and

green, respectively. Hydrogen

bonds with a donor–acceptor

distance below 3.5 Å are shown

as black dotted lines. Hydrogen

bond forming residues of NP24-

I are labeled
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has been reported to have only a weak antifungal activity in

synergism with nikkomycin (Vigers et al. 1991). The

antifungal activity of the two isoforms of NP24 was

experimentally determined by Pressey (1997) against some

phytopathogenic fungi and NP24-I was found to be highly

active against two such fungi.

Many antifungal TLPs can also either bind or cleave

polymeric glucans, i.e. they can exhibit glucanase activity

(Trudel et al. 1998; Grenier et al. 1999; Osmond et al.

2001; Van Damme et al. 2002; Menu-Bouaouiche et al.

2003). Efforts have been made to correlate the antifungal

and b-1,3-glucanase activities of TLPs, mainly because of

Fig. 4 Comparison of the

allergenic motif identified in

NP24-I (a) using the

WebAllergen (http://

weballergen.bii.a-star.edu.sg/)

server with the corresponding

region in banana-TLP (b)

Fig. 5 a, b Predicted Ig-E binding epitopes located on the molecular

surface of NP24-I. a The motif (amino acid residues 152–186)

identified by the WebAllergen server. b The seven motifs identified

by the Structural Database of Allergenic Proteins (SDAP) having

similarity with predicted epitopes in other allergenic TLPs. These

epitopes, listed as 1–7 in Table 2, are colored red, blue, green, yellow,

magenta, cyan and orange, respectively

Table 2 Some predicted allergenic motifs in NP24-I

Sequence of predicted

epitopes in NP24-I

NP24-I

residue no.

Sequence

identity with

PRGTKMARIWGRT 37–49 Jun a 3

NFNAAGRGTCQTG 52–64 Jun a 3

ANINGECPRALK 127–138 Jun a 3

VPGGCNNPCTTFGG 139–152 Jun a 3

GGCNNP 141–146 Ban-TLP

YSYPQDDPT 179–187 Ban-TLP

PGGSTNY 193–199 Ban-TLP
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their ability to bind and degrade b-1,3-D-glucans which are

one of the major constituents of fungal cell walls. A low

endo-glucanase activity NP24 was reported by Grenier

et al. (1999) which was evident from its ability to hydro-

lyze water soluble b-1,3-D-glucans like CM-pachyman

after prolonged incubation. From our docking studies of a

b-1,3-D-glucan chain in the interdomain cleft of NP24-I a

suitable orientation of a Glu-Asp pair required for glu-

canase activity could be located in the cleft and the lower

endo-glucanase activity may be explained by the higher

distance between the components of the catalytic pair

([5 Å) and a lack of proper environment.

NP24, belonging to the food allergen category of the

Structural Database of Allergenic Proteins (SDAP),

exhibits 55% sequence identity with Jun a 3, a major

allergenic TLP from pollen of mountain ceder (Juniperus

ashei), and 44% sequence identity with Pru av 2 and Mal d

2, allergens from cherry and apple, respectively. All these

three are included in the list of the International Union of

Immunological Societies (IUIS) (http://www.allergen.org/

Allergen.aspx) accepted allergens and they display the

ability to bind Ig-E from the respective allergic individuals

(Inschlag et al. 1998; Soman et al. 2000; Krebitz et al.

2003). Sequence homology of NP24-I with these potent

allergens, specifically with those Ig-E binding epitopes

characterized from Jun a 3 (Table 2), facilitate to identify

the epitopic regions in NP24-I.
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Fig. S1 Docking of a β-1,3-glucan (curdlan) in the acidic cleft of NP24-I, where the 

curdlan molecule is shown as a stick model (sky blue) 
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