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Structure of a liganded type 2 non-specific
lipid-transfer protein from wheat and the molecular

basis of lipid binding

In plants, a family of ubiquitous proteins named non-specific
lipid-transfer proteins (ns-LTPs) facilitates the transfer of
fatty acids, phospholipids and steroids between membranes.
Recent data suggest that these secreted proteins play a key
role in the formation of cuticular wax layers and in defence
mechanisms against pathogens. In this study, X-ray crystallo-
graphy has been used to examine the structural details of the
interaction between a wheat type 2 ns-LTP and a lipid,
L-a-palmitoyl-phosphatidyl glycerol. This crystal structure was
solved ab initio at 1.12 A resolution by direct methods. The
typical a-helical bundle fold of this protein is maintained by
four disulfide bridges and delineates two hydrophobic cavities.
The inner surface of the main cavity is lined by non-polar
residues that provide a hydrophobic environment for the
palmitoyl moiety of the lipid. The head-group region of this
lipid protrudes from the surface and makes several polar
interactions with a conserved patch of basic residues at the
entrance of the pocket. The alkyl chain of a second lipid is
bound within an adjacent smaller cavity. The structure shows
that binding of the lipid tails to the protein involves extensive
hydrophobic interactions.

1. Introduction

Plant non-specific lipid-transfer proteins (ns-LTPs) are small
soluble proteins that have the ability to enhance in vitro the
inter-membrane exchange and transfer of various amphiphilic
molecules including phospholipids, glycolipids, steroids,
acylCoA and fatty acids. They have been isolated from a
number of plant species and form a multigene family (Kader,
1996). Within this large family of proteins, two classes of
ns-LTPs have been described. Both are secreted proteins with
a hydrophobic N-terminal signal sequence. They exhibit a
basic isoelectric pH and a homologous all-helical fold stabi-
lized by four disulfide bridges. Type 1 proteins are distinct
from type 2 proteins in terms of protein sequence (less than
30% similarity), molecular weight (7 kDa, ~60 amino acids for
type 2 and 9 kDa, ~90 amino acids for type 1) and biological
properties (Kader, 1996; Douliez et al, 2000). They play
several in vivo roles, including the transport and assembly of
cutin and suberin components (Hollenbach et al., 1997) and
the defence of plants against pathogens (Molina et al., 1993;
Garcia-Olmedo et al, 1995). It has been shown that the
differential expression of these ltp genes in various tissues is
also regulated by several environmental factors such as
osmotic stress (Kader, 1996) and cold (Molina ef al., 1996).
The antifungal and antibacterial functions of ns-LTPs are
now well established for several species both in vitro and in
vivo (Garcia-Olmedo et al, 1995; Maldonado et al, 2002).
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Table 1

Statistics of data collection and refinement.

Values in parentheses refer to the last resolution shell (1.16-1.12 A)

Data collection

Space group Cc2
Unit-cell parameters

a(A) 61.46

b (A) 29.23

c(A) 4155

B(©) i 127.65
Wavelength (A) 0.8000
Resolution (A) 32.9-1.12
Measured reflections 166777
Unique reflections 22535 (1389)
Riac (%) 9.4 (28.0)
Redundancy 6.8 (4.6)
Completeness (%) 94.8 (84.7)
(Ilo (1)) 18.9 (3.8)

Refinement R

Resolution range (A) 32.9-1.12
Reflections (total/free) 22496/1097
Ry, (including test reflections) 13.8 (24.4)
R.or (excluding test reflections) 13.7 (24.4)
Riree (test reflections) 16.2 (24.8)
No. of atoms

Total non-H 621

Protein/water 498/79

Tons/lipid ligands 2/42
B factors (A2?)

Overall 12.0

Main-chain atoms 10.1

Side-chain atoms 13.8

Lipids/water ions 25.0/25.0
R.m.s. deviations from ideal values

Bonds distances (A) 0.021

Bond angles (°) 1.93

Chiral volumes (A%) 0.13
Ramachandran plot: most favoured/allowed (%) 100.0
Overall coordinate errors (A) 0.016

However, the underlying molecular mechanisms are not
clearly understood (Blein et al., 2002). These proteins are up-
regulated upon response to infection by phytopathogens.
Overexpression of a barley ns-LTP1 in Arabidopsis and
tobacco transgenic plants enhances tolerance to fungal
pathogens (Molina & Garcia-Olmedo, 1997). Ns-LTPs could
be involved in disease-resistance signalling transduction as
specific lipid sensors (Maldonado et al., 2002) and as compe-
titors with elicitins for plasma-membrane receptors (Buhot et
al., 2001; Blein et al., 2002). Ns-LTPs have numerous potent
applications either in pharmacology (Pato et al., 2001) or agro-
industries (Douliez et al., 2000) and have also been frequently
identified as plant pan-allergens present in foods and pollens
(Marion et al., 2003).

Three-dimensional structures have been determined for
ns-LTP1 from wheat, rice, maize and barley seeds in both
unliganded and complexed forms with lipids (Gincel et al.,
1994; Shin et al., 1995; Gomar et al., 1996; Heinemann et al.,
1996; Lerche et al., 1997, 1998; Lee et al., 1998; Charvolin et al.,
1999; Han et al., 2001). They are characterized by a central
hydrophobic tunnel into which the alkyl moiety of lipids is
inserted. In type 1 ns-LTPs, this large tunnel can accommodate
up to two monoacylated lipids in a head-to-tail orientation
(Charvolin et al., 1999). Although NMR structures of un-

liganded (Samuel et al., 2002) and liganded (Pons et al., 2003)
forms of ns-LTP2 have been reported, significant differences
in their tertiary fold and a lack of details of the lipid—protein
interactions justify further structure—function studies. We have
now utilized a different technique, X-ray crystallography, to
assess the three-dimensional structure of a liganded wheat
ns-LTP2 in order to gain a deeper understanding of its lipid-
transfer function. Unexpectedly, the structure revealed two
independent lipid-binding sites and a dimeric arrangement.
The details of the interactions between the molecules of the
L-a-palmitoyl-phosphatidyl glycerol and the protein are
described at atomic resolution and provide further insight into
the lipid-binding mechanisms.

2. Materials and methods
2.1. Protein expression and purification

Recombinant wheat (Triticum aestivum) ns-LTP2 was
produced with the Pichia pastoris transformant GSI115-
Tdltp18-tr5.2 (De Lamotte et al, 2001) and purified as
previously described (Pons et al, 2003). The lyophilized
protein was dissolved in 20 mM MES buffer pH 6.0 containing
1 mM NaN;. The ns-LTP2 and L-a-palmitoyl-phosphatidyl
glycerol (LPG) stock solutions were mixed to give a lipid:
protein molar ratio of 3:2. The resulting complex was then
concentrated to 35 mg ml~" using a 3 kDa molecular-weight
cutoff ultrafiltration device. The high level of purity and
homogeneity of the sample were verified by mass-spectro-
metry analysis.

2.2. Analytical size-exclusion chromatography

The recombinant wheat ns-LTP2 was characterized by
analytical size-exclusion chromatography on a Superdex 75
HR 10/30 column (Amersham Biosciences). 100 pl aliquots at
2mgml~' in 50 mM MES buffer pH 6 were loaded at a
0.5 ml min~" flow rate. The column was calibrated using an
Amersham Biosciences LMW calibration kit and corn kernel
trypsin inhibitor (MW 13 500 Da).

2.3. Crystallization and data collection

Crystals of the liganded wheat ns-LTP2 were obtained by
the vapour-diffusion method using sitting drops. The optimal
reservoir solution contains 100 mM sodium citrate buffer pH
6.0-6.5, 30%(w/v) PEG 6000 and 1.0 M LiCl. Microcrystals
were observed at 291 K after two weeks and high-quality
crystals grow in approximately three to five months to average
dimensions of 0.15 x 0.15 x 0.07 mm. After a short soak in
cryoprotective solution containing 0.25 M KI (Dauter et al.,
2000), high-resolution diffraction data were collected from a
single cryocooled crystal (100 K) using the BM14 beamline
(ESRF, Grenoble) and a MAR Research CCD detector. The
wavelength was tuned to 0.8 A and the crystal-to-detector
distance set as short as possible (100 mm) to achieve atomic
resolution. Data to a maximum resolution of 1.12 A were
autoindexed and processed with MOSFLM (Leslie, 1999).
Scaling and merging were performed with SCALA from the
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CCP4 suite (Collaborative Computational Project, Number 4,
1994). The crystal belongs to the monoclinic C2 space group
and the unit-cell volume suggests the presence of one protein
molecule in the asymmetric unit with 29% solvent content.
Data-collection statistics are summarized in Table 1.

2.4. Structure solution

All attempts to solve the structure by molecular replace-
ment with AMoRe (Navaza, 1994), MOLREP (Vaguine &
Teplyakov, 1997) and EPMR (Kissinger et al., 1999) using as a
probe either the ns-LTP2 NMR models (PDB codes 1n89 and
116h) or X-ray models of ns-LTP1s (PDB codes 1rzl and 1fk5)
were unsuccessful. Instead of using the weak anomalous signal
from iodide at 15.5 keV (Dauter ef al., 2002), the structure was
ultimately solved by direct methods using the ab initio dual-
space recycling procedure called the Shake and Bake method
(Weeks & Miller, 19994) and implemented in the SnB program
(Weeks & Miller, 1999b). Normalized structure-factor
magnitudes (|E| values) were computed using the program
DREAR (Blessing & Smith, 1999). The 5190 reflections with
the highest |E| values were used to generate 110 000 triplet
structure invariants. Working with default parameters, SnB
generated 1000 trial structures that were subjected to 520
cycles of phase refinement. A total of about 620 peaks were
selected from the E maps for real-space recycling. Of the 1000
random initial sets of trial phases processed, 40-50 yielded
possible solutions. One of the most successful trials with an
Ruin of 0.438 was examined in detail. The corresponding
electron-density map generated with this procedure was of
high quality and included peaks corresponding to nearly all of
the non-H atoms of the wheat ns-LTP2.

2.5. Model building and refinement

The complete atomic model was built using the automatic
ARPI/wARP procedure (Perrakis et al., 1997) starting from the
atom sites generated from SnB. The protein structure refine-
ment was performed with the program REFMACS
(Murshudov et al., 1997). Model adjustments performed in O
(Jones et al, 1991) were based on 2F, — F. and F, — F,
o 4-weighted electron-density maps (Read, 1986). Restrained
maximum-likelihood refinement in REFMACS started with
2.0 A data and the resolution was quickly extended in a
stepwise procedure to include all reflections in the 32.9-1.12 A
range without any o-cutoff. The weighting parameter between
the X-ray and geometric terms of the refinement residual was
gradually increased from 0.5 to 5 to loosen the stereochemical
constraints. Additional peaks with excellent density and clear
interpretation were included as water molecules, iodide ions
or modelled as alternate conformations for side chains. Two
typical features in the electron-density map that could not be
attributed to the protein were unambiguously modelled in one
case as a complete molecule of LPG and in the other case as a
portion of the acyl tail of a second lipid. Several rounds of
refinement were performed to introduce restrained aniso-
tropic displacement parameters (ADPs) for the protein atoms,
reducing the Ry and Ry, factors by 2.0 and 1.8%, respec-
tively. The final refinement steps, in which the test reflections
were included, converged at an R-factor value of 13.8%. The
refinement statistics are summarized in Table 1.

2.6. The final model

The stereochemistry, geometry and quality of the structure
were assessed using PROCHECK (Laskowski et al., 1993) and

(@)
Figure 1

(b)

Opverall structure of the wheat ns-LTP2. The a-helices are labelled a1-«5. The N-terminal 3,4-helix is coloured dark blue and the C-terminal polyproline
type II helix orange. The cysteine side chains forming the four disulfide bridges are coloured magenta and represented as stick models. The two

orthogonal views (@) and (b) were drawn with PyMOL (DeLano, 2002).
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SFCHECK (Vaguine et al., 1999). The Ramachandran plot
shows 100% of residues to be in the core region. The aniso-
tropic displacement parameters were analyzed using the
program PARVATI (Merritt, 1999). Solvent-accessible areas
were calculated with AREAIMOL (Collaborative Computa-
tional Project, Number 4, 1994) with a probe radius of 1.4 A.

3. Results
3.1. Structure determination

We were able to grow diffracting crystals of recombinant
wheat ns-LTP2 liganded to the LPG lipid in space group C2.
The crystal structure was solved by ab initio direct methods,
i.e. from the single-wavelength data without the use of known
fragments or the weak anomalous signal of bound iodide ions,
and refined at 1.12 A resolution (Table 1). The efficient
combination of the SnB (Weeks & Miller, 1999b), ARP/wARP
(Perrakis et al., 1997) and REFMACS (Murshudov et al., 1997)
programs allowed the easy solution of the very accurate model
of this liganded protein. The final ns-LTP2 structure refined at
cryogenic temperature contains 498 non-H protein atoms, two
lipid ligands, two iodide anions and 79 water molecules. The
density maps for GIn31, Asp41, I1e48, ArgS4 and Ser59 clearly
showed the presence of alternate conformations. The presence
of a fully occupied I atom site and eight S atoms with low B
factors certainly helped in the seeding procedure and thus
reinforced the phasing power of direct methods.

3.2. Overall protein structure

Wheat ns-LTP2 adopts a globular structure with overall
dimensions of about 28 x 22 x 20 A consisting of one
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IAGGARPTAA
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SPIFYGTAPSES
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LETIMKGSEPSD
TSSSPQSER
TAITSSSFPSA
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SAISSSSPPSSQ
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Wheat (Q9FEK9)
Barle y (P20145)
Barley (081135}
Barley (P93191)
Rice (Q40631)
Rice (QBHBY4)
Rice (QBHBY2)
Rice (QBHBXS) -
Rice (QBHBX7) =
Corn (PB3506)
Cress (Q9c3T4)
Cress (Q42158)
Cress (Q9LJQ3)
Zinnia (Q42392)
Zinnia (JQ2343)
Senecio (Q41378)
Apricot (P82353)
Sunflow. (CAD28576)
Potato (QBHIB7)
Cowpea (Q43681)
Mustard (064431)
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Figure 2

Sequence alignments, secondary-structure elements and surface exposure of ns-LTP2s. Gaps are
denoted by dashes. Strictly conserved residues are shown in red boxes and strongly and weakly
conserved residues in yellow and blue boxes, respectively. For each residue, the green bar is
proportional to its solvent-accessibility surface area (SAcc). The secondary-structure assignments
deduced from wheat ns-LTP2 crystal structure are displayed below the sequence alignments.

<em> CammmmmE>

N-terminal 3;,-helix, five a-helices designated ol-a5 and a
short polyproline type II C-terminal helical segment. As
shown in Fig. 1, the core of the structure is organized as a
helical bundle stabilized by four disulfide bridges. The
N-terminal segment containing the 3;,-helix (Ala4—Cys10) is
anchored to this bundle by two disulfide bridges, Cys2—Cys34
and Cys10-Cys24. The successive helices 31y, ol (Alall-
Serl6), o2 (Gly22-GIn31), o3 (Phe35-Tyr38), a4 (Gly45-
Ile48) and a5 (Pro51-Ser59) pack into a globular structure
and delineate a deep hydrophobic cavity. A type-1 B-turn is
observed between helices o2 and «3. Helices o3 and o4 are
connected by an «-turn that is stabilized by hydrogen bonds
between the two alternate conformations of the Asp41 side
chain and the main-chain NH groups of Thr43 and Tyr44. This
canonical hydrogen-bonded a-turn has favoured residues Asp
and Pro occurring at positions i and i + 1, respectively
(Dasgupta et al., 2004). The C-terminal region (Leu62-His66)
containing the conserved Pro65 residue adopts a polyproline
type 2 (PPII) helical conformation, a left-handed helix with
three residues per turn (Stapley & Creamer, 1999). This
segment is anchored to the helical bundle by the Cys36-Cys67
and Cys25-Cys60 disulfide bridges and by a hydrogen bond
between the main-chain NH group of Leu62 and the carbonyl
of Leu57.

This highly stable protein fold is maintained by an extensive
hydrogen-bonding network and four strictly conserved disul-
fide bridges. Their C—S—S’—C torsion angles show a classical
left-handed conformation (—78, —75 and —81° for Cys2-
Cys34, Cys25-Cys60 and Cys36-Cys67, respectively), except
for one (Cys10-Cys24) which has the less favoured right-
handed configuration (111°). The inter- and intra-helical
hydrogen-bond network, involving
capped helices, stable turns and
numerous water-mediated hydrogen
bonds, also contributes to the high
stability of this compact fold as
demonstrated by thermal (73, > 368 K)
and  guanidine-induced  unfolding
experiments on rice ns-LTP2 (Samuel et
al., 2002).

Searches in non-redundant protein
sequence databases using the wheat
ns-LTP2 sequence identified about 40
proteins with significant homology
scores, from 60 to 98% sequence iden-
tity. As illustrated in Fig. 2, a repre-
sentative subset of these aligned
sequences contains a number of invar-
iant and highly conserved amino acids
consistent with a common fold.

YGOYIRSP:
INYGHYVSSP

T N S R B i T S O Vel T o R TR

cmmm>

o5 PPII
3.3. The hydrophobic cavities

As noted above, the spacial arrange-
ment of the helical bundle and the C-
terminal PPII segment creates a large
and long cavity that serves as the major
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lipid-binding site. This cavity has the shape of an elongated
and curved channel of about 17 A in length and 5 A in
diameter (Fig. 3a), as defined by the van der Waals surface of
the bordering atoms. The small cavity entrance is surrounded
by residues Cys36, Lys40, Arg49, Arg54, His66 and Cys67.
Helices o3 (Phe35, Cys36, Tyr38), a4 (1led8), a5 (Alas3,
Arg54, Leu57), the loop a3/a4 (Ala39, Lys40, Pro42) and the
C-terminal PPII segment (Val64, Pro65) delineate the walls of

(a)

Lipid

Leu57

Phe35s

(b)

Figure 3

Model of LPG molecules bound to the two hydrophobic cavities of the
wheat ns-LTP2 protein. (@) Overall structure of the protein displayed as a
ribbon model and a molecular surface. The two lipid ligands are displayed
as magenta sticks. The van der Waals envelopes of buried acyl chains are
represented as a magenta mesh. The residues Leu7, Ilel4 and Leu28
forming the septum between the two hydrophobic cavities are shown as
grey stick models. (b) A view of the electron-density map in the binding
pocket is shown superposed with the LPG ligand and the protein model.
The final o 4-weighted map is contoured at 1.1o0 (blue).

the cavity. Finally, the bottom of the cavity is also formed by
hydrophobic residues, Leu7 from helix 3, Ile14 (helix «1) and
Leu28 (helix a2). These three residues constitute a dividing
wall with a secondary shortened cavity (Fig. 3a) covered by
hydrophobic residues Ala4, Ala8, Alall, Leul5, Tyr44, Tyrd7
and Ile48. The volumes of the wheat ns-LTP2 main and
secondary cavities were estimated using VOIDOO (Kleywegt
& Jones, 1994) as 300 and 130 A3, respectively, when the lipid
ligand is removed.

3.4. Lipid—protein interactions

The electron-density map (Fig. 3b) revealed clear densities
for two LPG molecules, one buried in the main hydrophobic
cavity and the other partially buried at a secondary hydro-
phobic site. The maximum chain length that could be
supported by the electron density in the secondary lipid-
binding site is eight C atoms and only these were included in
the acyl chain model. The lipid-tail region interacts over a

Lys40

7

CA

Al :c;@ ' - )
a —_ A
\1‘2\: i?\;\rgS‘i

(e \l
= B
Arg49 >
W1
AlaS3 B oy -_‘Jfl:ms
e 7
\-l_.l
LcuZé‘/{?: cp §>I’_cu57
o )
s e
= Lty
llel4 = = Leu?
o P
Ala8 =
- Leul5,
/f?l—rf‘\é >} '/‘< cp __?.;(“.
A | Alall
Ser5 __.'”
Figure 4

Schematic representation of the binding of the two L-a-palmitoyl-
phosphatidyl glycerol lipid ligands to wheat ns-LTP2 protein. Red
shading around atoms or residues indicates involvement in hydrophobic
contacts. A hydrogen bond is indicated as a green broken line. Ligand
bonds are shown in blue. Atoms are colour coded as follows: black,
carbon; blue, nitrogen; red, oxygen; green, phosphate. This figure was
created with LIGPLOT (Wallace et al., 1995).
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large surface area within the cavity of the protein, with the
closest contacts occurring at the end and the middle of the acyl
chain. The hydrophobic contacts between side chains of the
ns-LTP2 amino acids lining the cavity and the two lipid
molecules are illustrated in Fig. 4. The binding interactions
involve atoms from residues Leu7, Ile14, Leu28, Phe35, Ala39,
Ile48, Argd9, AlaS3, Leu57, Pro65 and Cys67 in the main
cavity and Ala4, Ser5, Leu7, Ala8, Alall, Ile14, Leul$5, Tyr44,
Tyr47 and Ile48 in the secondary cavity.

The head group of the LPG molecule was located on the
surface of the ns-LTP2 molecule (Figs. 3 and 5). It came into
close contact with residues from two neighbouring protein
molecules in the crystal. Several interactions were observed
between the lipid head group and the surrounding protein, in

Cys67

Lys40

Pro42

(b)

Figure 5

Molecular-surface properties of the wheat ns-LTP2. Hydrophobic areas
are shown in green, positively charged residues are coloured blue and
negatively charged residues red. The two prominent hydrophobic patches
at the entrance and inside the main (a) and secondary (b) cavities are
implicated in lipid-binding sites. The palmitoyl moieties of the lipids are
shown as yellow sticks. The surface representations were generated with
GRASP (Nicholls et al., 1993).

particular between a phosphoryl O atom and the guanidinium
group of Arg49. In addition, the LPG makes polar contacts
with the Lys40, Pro42 and Arg54 residues and with four water
molecules. Total solvent-exposed surface areas of 1000 and
400 A2 are buried upon binding of LPG lipids to the main and
secondary ns-LTP2 cavities, respectively. The temperature
factors of LPG atoms were lowered for the buried acyl tail
(13-25 A?) and increased progressively (30-45 A2) up to the
head group.

3.5. Protein-surface properties and sequence variability

Fig. 5 shows different views of the molecular surface of the
wheat ns-LTP2 coloured according to surface potential (blue,
positive; red, negative; green, hydrophobic) with the program
GRASP (Nicholls et al., 1993). A small cluster of basic resi-
dues, Arg49 and the highly conserved residues Lys/Arg40 and
Arg/Lys54, located in a groove near the entrance of the main
cavity interact with the polar head of the bound LPG. This
conserved basic patch anchors the polar head of phospholipids
and fatty acids. Two separate regions of highly hydrophobic
clusters are seen in Fig. 5. These regions include the wall and
the entrance of the primary and secondary lipid-binding
cavities. In this ns-LTP2 family, the binding pockets for the
lipid are lined by highly conserved residues (Tyr47, Ala5S3,
Pro65 and Cys67), including those forming the septum
between the cavities (Leu7, Ilel4 and Leu28), and less
conserved but hydrophobic residues (Phe35, Ala39, Ile48 and
Leu57).

3.6. Packing analysis

The analysis of the crystallographic packing interactions
between the adjacent ns-LTP2 molecules reveals a dimeric
arrangement involving a crystallographic dyad axis. The most
extensive contact between the two molecules involves the

Figure 6

Ribbon diagram of the wheat ns-LTP2 dimer highlighting the key
residues involved in the intermolecular interface. The two molecules
shown as ribbon models are related by a twofold axis (vertical). The side
chains involved at the protein—protein interface are represented as sticks
and the iodide ion as a magenta sphere. The lipid ligands are coloured
green.

402 Hohetal. - Type 2 non-specific lipid-transfer protein
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burial of ~600 A2 of the surface area per monomer excluding
water molecules, which means that approximately 15% of the
total solvent-accessible area of each monomer is buried. The
total area of the buried surface in the interface represents
~1200 A2, a value within the usual range for protein dimers
(Bahadur et al., 2004). In this dimeric model illustrated in
Fig. 6, the polyproline type II segment of one protomer is
juxtaposed with the o2 and o3 helices and the two N-terminal
residues of the other protomer. The dimer interface consists of
the conserved residues Cys2, Arg/Lys29, GIn31, Cys34, Cys36,
Arg/Lys40, Pro65 and Cys67. Our gel-filtration experiments
also revealed the presence of two protein species (Fig. 7).
These data are consistent with a mixture of dimeric and
monomeric forms of ns-LTP2. Therefore, we can reasonably
argue that the dimeric pattern of wheat ns-LTP2 in the crystal
lattice did not merely arise from packing artifacts and may also
exist in solution. It could represent a specific protein—protein
interaction that is most likely to be present in concentrated
solutions in equilibrium with the monomeric form.

3.7. Water molecules and ions

Besides the polypeptide chain, our refined model includes
79 water molecules and two iodide ions. Of the water mole-
cules, three are in close proximity of the lipid acyl chain near
the cavity entry. The first ordered water molecule is buried in
the cavity and stacked between the C” atom of Arg54 (2.5 A)
and the Cp atom of LPG (4 A) This typical buried water
located just next the aliphatic hydrocarbon chain in a hydro-
phobic cavity is frequently observed in the crystal structures of
lipid-binding proteins (Lucke et al., 2002) and could represent
a residual hydration of the LPG ligand. The second water
molecule is located at the entrance of the hydrophobic cavity,

500 =
b )
< 250 p=
g

- ==
0 Ly 1 1 7
0 0.2 04 0.6 0.8 1.4
Column volumes
Figure 7

Representative size-exclusion chromatography of wheat ns-LTP2. The
elution volumes of the two peaks correspond to a monomer and a dimer
of the protein (in magenta). The molecular weight of wheat ns-LTP2 is
6980 Da. The elution volume of corn kernel trypsin inhibitor (PM
13 500 Da) is shown in red.

in close proximity to the Cy atom of LPG (2.8 A), and is
bound by a hydrogen bond to the Cys67 N atom. The third one
is in close proximity of the Cp, atom of LPG (2.8 A) and the
main-chain carbonyl of Cys36. These water molecules shield
the side chains of the hydrophobic cluster at the top of the
cavity from the solvent and presumably affect ligand affinity.

The highest peak (50) in the anomalous difference Fourier
map corresponds to an I atom and its environment is consti-
tuted of residues Alal3 (N atom, 3.9 A), Ser12 (O atom,
2.5 A), Val9 (O atom, 3.8 A), Ser21 (N atom, 3.75 A) and two
water molecules (3.6 A) A second partially occupied iodide
site localized on a crystallographic twofold axis makes ionic
interactions with the guanidinium group of Arg29 and is
associated with GIn32 and solvent molecules.

3.8. Analysis of temperature factors and discrete disorder

The high rigidity of this protein fold is confirmed by almost
constant low B-factor values for all main-chain atoms of about
10 A2, except for the three N-terminal residues (about 20—
25 Az). The anisotropic displacement parameters show a
Gaussian distribution with mean and o values of 0.56 and 0.14,
respectively, for protein atoms. They do not highlight any
significant concerted or correlated atomic motions of non-
bonded groups. A second conformer was identified for five
side chains: GIn31, Asp41, I1e48, Arg54 and Ser59. Except for
the case of Ile48, whose rotamer mobility inside the hydro-
phobic binding cavity could have a functional relevance, these
residues are distributed on the surface of the protein and
protrude into the solvent channels of the crystal.

3.9. Comparisons with other plant ns-LTP2 and ns-LTP1
structures

Ns-LTP2s constitute a conserved family of proteins (Fig. 2)
with a common fold and wide variety of lipid-binding prop-
erties. The NMR structures of an unliganded rice ns-LTP2
(Samuel et al., 2002) and a liganded wheat ns-LTP2 (Pons et al.,
2003) have been determined recently. Structural alignments of
C” atoms for our crystal structure yield r.m.s. deviations of
24 A for 45 C* atoms when compared with the solution
structure of the unliganded rice ns-LTP2 (PDB code 116h) and
an r.m.s. deviation of 2.2 A for 57 C* atoms when compared
with the NMR structure of the same wheat ns-LTP2 (PDB
code 1n89). In these NMR models, the cystine C—S—S'—C’
torsional angles are far from the preferred values (Petersen et
al., 1999) and have chiralities that are opposite to those of our
X-ray model.

The shape of the ligand-binding cavity and the relative
orientation of the lipid head group in the crystal and NMR
structures of wheat ns-LTP2 are different (Fig. 8a). The
tunnel-like cavity observed in the NMR structure super-
imposes well with the two adjacent cavities of the X-ray
structure but a single alkyl chain threads through the hydro-
phobic channel. The proximal and distal entrances of this
tunnel correspond to the opening of the main and secondary
cavities of the crystal structure, respectively. Moreover, we
observed a significant discrepancy in the packing and the
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orientation of a number of side-chain residues (Leu7, Leu28,
Tyr38, Tyrd7 and Ile48) lining the hydrophobic cavity filled
with the same LPG lipid. The three neighbouring residues
Leu7, Ile14 and Leu28 composing the dividing wall between
the cavities of the crystal structure have a different orientation
in the NMR structure, allowing the formation of a continuous
tunnel rather than spatially separated cavities. The lipid signal

(a)

(b)

Figure 8

Structural comparisons between ns-LTP1 and ns-LTP2. (a) Stereoview of crystal and solution
(PDB code 1n89) structures of the liganded wheat ns-LTP2, coloured blue and pink,
respectively. The LPG lipid is represented as blue and yellow stick models for the crystal and
NMR structures, respectively. (b) Superimposition of the crystal structure of liganded wheat

could not be unambiguously assigned and the limited number
of NOE:s observed did not allow a reliable positioning of the
acyl chain in the cavity. This may explain the discrepancies in
the localization of the LPG lipid. It is interesting to note that
unambiguous NOE contacts connect the terminal acyl-chain
Cp methyl groups with Tyr44 and Tyr47 and a methylene to HB
of Phe35 (Pons et al, 2003). These NMR constraints were
compatible with the crystal structure, but
were not hypothesized as arising from two
different lipid molecules. It is noteworthy
that the wheat ns-LTP2 sample used for
crystallization was obtained following iden-
tical expression system and purification
procedures as those used for the NMR
experiments (Pons et al., 2003). However,
the experimental conditions used for crys-
tallization (pH 6.0-6.5, high salt concentra-
tion) are different from those used for NMR
(pH 3.5, low ionic strength). Thus, these
structural differences could be explained
both by the limited accuracy of the NMR
structure and by distinct conformations of
the protein under the two experimental
conditions.

Comparison of the structures of rice and
wheat ns-LTP2 in the free and bound forms
shows a major conformational change in the
C-terminal region (residues 56-67). As
illustrated in Fig. 8(b), this C-terminal
segment and, to a lesser extent, the last
a-helix are collapsed into the empty
hydrophobic cavity. Thus, the ns-LTP2
structure seems able to expand the hydro-
phobic cavity to accommodate the alkyl
ligand. These liganded and wunliganded
ns-LTP2 structures have two cavities sepa-
rated by the same septum formed by resi-
dues 7, 14 and 28 (Fig. 8b).

As previously described (Samuel et al.,
2002; Pons et al., 2003), rice and wheat ns-
LTP2 are structurally homologous to ns-
LTP1, constituting a family of related
proteins. As illustrated in Fig. 8(c), their
a-helical topology is well conserved and the
four cysteine bridges, although having
different pairing patterns, superimpose well.
Both proteins are capable of binding two
lipids using a different geometry. ns-LTP1 is
characterized by a long tunnel-like cavity
able to accommodate two lipids in a head-
to-tail orientation (Charvolin et al., 1999),
while wheat ns-LTP2 has two adjacent
hydrophobic cavities.

ns-LTP2 and the apo form of rice ns-LTP2 (PDB code 116h). The C-terminal C* backbone

(residues 56—67) and septum residues (Leu7, Ile14 and Leu28) are coloured in beige and blue

4. Discussion and conclusions

for apo and liganded ns-LTP2, respectively. (¢) Superimposition of the crystal structures of

wheat ns-LTP2 (orange), ns-LTP1 (PDB code 1bw0, light blue) and maize ns-LTP1 (PDB code
1fk3, dark blue). The cysteine residues are represented as yellow ball-and-stick models.

Plant ns-LTPs constitute a family of
ubiquitous proteins that play essential roles
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in lipid trafficking during biosynthesis of cuticle layers and in
mobilization of seed-storage lipids during germination, as well
as in defence signalling and inhibition of fungal infections.
Most of the data on the three-dimensional structures of ns-
LTPs and their lipid-binding properties concern ns-LTP1. The
lipid-transfer activity of ns-LTP2 was first observed for wheat
and rice ns-LTP2 (Douliez et al., 2001; Monnet et al., 2001;
Samuel et al., 2002). Here, we report the high-resolution
structure of the wheat ns-LTP2 protein and the elucidation of
the three-dimensional arrangement of its two lipid-binding
sites. These data provide a solid basis for understanding the
promiscuous lipid-binding properties of this family of proteins.

4.1. Cavities and lipid-binding properties

The protein fold stabilized by four strictly conserved
cysteine bridges and an extensive hydrogen-bonding network
could be extended to all members of the ns-LTP2 subfamily.
This highly stable structural motif with an «-helical bundle
structure delineates a main central hydrophobic cavity and a
secondary smaller cavity. The rigidity of this fold also ensures
that these hydrophobic cavities are present in the free form of
the rice and wheat ns-LTP2. However, there is evidence
indicating that these proteins retain a fair amount of residual
flexibility in their C-terminal segment. A significant change in
the shape and volume of the main cavity is induced by a
C-terminal backbone shift and limited reorganization of
bordering amino-acid side chains. This typical plasticity of the
ligand-binding cavity could provide the structural basis for
explaining the non-specificity of these ns-LTP2 proteins.
Invariant and conservatively exchanged hydrophobic residues
line these two deep lipid-binding pockets, separated by a
conserved septum defined by the side chains of residues Leu7,
Ile14 and Leu28. This septum is also observed in the uncom-
plexed rice ns-LTP2 (Samuel et al., 2002). Thus, it seems very
unlikely that any reorientation of these residues could induce
the formation of a continuous hydrophobic binding-pocket
analogue to the tunnel of ns-LTP1s. The analysis of this crystal
structure of wheat ns-LTP2 complexed with two LPG lipids
also reveals that the hydrophobic fatty-acid chains are deeply
buried in distinct cavities and generate a tightly packed
hydrophobic core that further contributes to the stabilization
of the protein. The polar head group of LPG in the secondary
cavity is exposed to solvent and disordered as it lies along a
basic solvent-exposed groove at the entrance of the main
pocket.

4.2. Dimeric assembly

The packing of proteins in the crystal shows tight contacts
through a twofold crystallographic axis, suggesting the
presence of a dimeric quaternary structure in solution.
Although initially proposed to be a monomer in solution
(Pons et al., 2003), the protein assembles as a dimer in the
crystal. This could be explained by high protein concentration
in the crystallization drops, the presence of lipid ligand and
neutral pH. Thus, our data suggest that wheat ns-LTP2 could
exist under physiological conditions in a monomer—dimer

equilibrium. However, its functional relevance has not been
addressed directly in this study and remains to be established.
This oligomeric assembly is of interest as it could drive the
multivalent interaction with diacylated lipid ligands.

4.3. Biological implications

The present results show that wheat ns-LTP2 has secondary
and tertiary structures analogous to those of the ns-LTP1
family. Even though it is known to bind various lipids, the
biological significance of these interactions is not fully
understood. Based on hydrophobic matching properties, the
major binding site of wheat ns-LTP2 seems to be optimized for
a broad range of fatty-acid lengths from ten to 18 C atoms. A
longer chain could not be accommodated into the hydro-
phobic channel and thus such extra C atoms protrude into the
water outside the protein. The binding of such lipids will
become increasingly unfavourable energetically. The shape of
the binding cavity appeared also to accommodate the kink of
monounsaturated fatty acids such as palmitoleic or oleic acids.
The secondary binding site has room for shorter fatty acids
(8-14 C atoms) threading through the hydrophobic cavity.

An interesting question concerns the mechanisms of
capture/release of the lipid ligands. In the case of ns-LTP1, the
lipid ligand could enter at either end of the hydrophobic
channel, depending on the protein and/or the ligand, with
opposite orientation in barley and maize nsLTP1s (Lerche et
al., 1998) or as two molecules lying in a head-to-tail orienta-
tion in wheat ns-LTP1 (Charvolin et al., 1999). This is not the
case for the wheat ns-LTP2, where the long tunnel is split into
two separate hydrophobic cavities ending with a common wall.
There is no evidence for a movable lid of the type that regu-
lates access to the ligand-binding cavity of elicitins (Boissy et
al., 1999) and certain lipases (Derewenda & Sharp, 1993). The
conserved residues Lys40 or Arg54 in extended conformation
at the entrance of the main cavity could open or close the
access to the cavity. These basic amino acids could attract the
carboxyl group or phosphate head of the lipids. After this
initial electrostatic interaction, the palmitoyl chain could
diffuse into the hydrophobic cavity with only minor hindrance.

Our crystal structure provides a basis for the analysis of the
functional consequences of the sequence variability in the
ns-LTP2 family. It is also a good model for examining lipid—
protein interactions and the structural plasticity of the cavities
by protein engineering, i.e. by the design of mutants that
disrupt the geometry of the lipid-binding pockets in order to
accommodate larger lipids or to create a tunnel-like cavity
similar to that of the ns-LTP1 proteins.

We acknowledge Philippe Carpentier and the staff at
beamline BM14 of the European Synchrotron Radiation
Source Facility (ESRF, Grenoble) for their assistance with
data collection, Jean-Marc Strub for performing mass-
spectrometry analysis and Marie-Pierre Duviau for the
preparation of protein samples.
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