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ABSTRACT: Plant nonspecific lipid transfer proteins (nsLTPs) are small basic proteins that transport
phospholipids between membranes. On the basis of molecular mass, nsLTPs are subdivided into nsLTP1
and nsLTP2. NsLTPs are all helical proteins stabilized by four conserved disulfide bonds. The existence
of an internal hydrophobic cavity, running through the molecule, is a typical characteristic of nsLTPs that
serves as the binding site for lipid-like substrates. NsLTPs are known to participate in plant defense, but
the exact mechanism of their antimicrobial action against fungi or bacteria is still unclear. To trigger
plant defense responses, a receptor at the plant surface needs to recognize the complex of a fungal protein
(elicitin) and ergosterol. NsLTPs share high structural similarities with elicitin and need to be associated
with a hydrophobic ligand to stimulate a defense response. In this study, binding of sterol molecules with
rice nsLTPs is analyzed using various biophysical methods. NsLTP2 can accommodate a planar sterol
molecule, but nsLTP1 binds only linear lipid molecules. Although the hydrophobic cavity of rice nsLTP2
is smaller than that of rice nsLTP1, it is flexible enough to accommodate the voluminous sterol molecule.
The dissociation constant for the nsLTP2/cholesterol complex is approximately 71.21µM as measured
by H/D exchange and mass spectroscopic detection. Schematic models of the nsLTP complex structure
give interesting clues about the reason for differential binding modes. Comparisons of NMR spectra of
the sterol/rice nsLTP2 complex and free nsLTP2 revealed the residues involved in binding.

Plant nonspecific lipid transfer proteins (nsLTPs)1 have
been purified from various sources such as wheat, maize,
apricot, rice, and others (1-3). NsLTPs are classified into
two subfamilies according to their molecular masses: nsLTP1
(9 kDa) and nsLTP2 (7 kDa) (3, 4). Structures of nsLTPs
have been solved with NMR and X-ray diffraction methods.
The three-dimensional fold of nsLTP1 is composed of four
R-helices and a flexible stretch of C-terminal residues (5-
7). The three-dimensional structure of nsLTP2 consists of a
rigid helical portion and a flexible unstructured portion (8,
9). All nsLTPs are stabilized by four disulfide bonds despite
their different patterns in nsLTP1 and nsLTP2 (2). The major
structural difference of nsLTP1 and nsLTP2 is in the
hydrophobic cavity. The hydrophobic cavity, the binding site

for hydrophobic ligands, is smaller in nsLTP2 compared to
nsLTP1 (6, 7, 10).

NsLTPs facilitate in vitro transport of lipids (11, 12). These
proteins also participate in biosynthesis of the cutin layer
and surface wax through transport of acyl monomers. A
remarkable property of nsLTPs is their involvement in plant
defense, although the exact mechanism of antimicrobial
actions against fungi or bacteria is still unclear (13-15). A
class of fungal pathogens fromPhytophthoraor Pythium
genera (Oomycetes), unable to synthesize sterol molecules
for their life cycle, capture them from the membrane of the
invaded plants (16-18). Sterol is one of the major compo-
nents in membranes that regulate the membrane fluidity and
permeability (19). Pathogens secret elicitins that act as a
shuttle to capture sterol from the plant surface required for
the active phases of sexual and asexual reproduction (20).
Elicitin/ergosterol complexes can be recognized by specific
receptors on the plant membrane surface and trigger the plant
defense responses. For example,â-cryptogein, a small
holoprotein of the elicitin family, captures essential sterol
(ergosterol) for thePhytophthorafungus. Cryptogein, a∼10
kDa protein containing three disulfides, shares similar
structural motifs with nsLTPs. Cryptogein needs to form a
complex with a sterol molecule to trigger the plant defense
mechanism (21). Although endogenous nsLTP1 binds the
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plant receptor recognized by exogenous fungal proteins
(elicitins), it fails to trigger plant defense responses (20, 22).
Recently, a putative lipid transfer protein (nsLTP2) involved
in plant defense inArabidopsiswas identified (23). A recent
review of nsLTP roles in plant defense suggested that a
hydrophobic ligand needs to bind with this protein to induce
plant defense (20). Moreover, sterol molecules such as
ergosterol or cholesterol can also promote nsLTP mRNA
accumulation (24). On the basis of these observations,
binding of sterol molecules to nsLTPs was explored using
various spectroscopic techniques such as fluorescence,
circular dichroism, mass spectrometry, and NMR.

EXPERIMENTAL PROCEDURES

Materials. Rice nsLTPs were extracted from rice seeds
according to the procedure described previously (4, 25). The
protein purity was confirmed using a Micromass Quattro
Ultima with the electron spray ionization (ESI-MASS)
method. 8-Anilino-1-naphthalenesulfonic acid (ANS), er-
gosta-5,7,9(11),22-tetraen-3â-ol (dehydroergosterol, DHE),
5-cholesten-3â-ol (cholesterol), 1-myristoyl-sn-glycero-3-
phosphocholine (LysoPC14), and guanidine hydrochloride
(Gdn‚HCl) were purchased from Sigma Co. The concentra-
tion of dehydroergosterol was estimated using its molar
extinction coefficient (26). Deuterium oxide was purchased
from Cambridge Isotope Laboratories, Inc. All the chemicals
used were of high-quality analytical grade.

Fluorescence Binding Assay.Interaction kinetics were
measured as previously described (18). A 1.067 µM con-
centration of nsLTPs was added to a cuvette containing 0.5
µL of dehydroergosterol (0.4 mM) in 30 mM phosphate
buffer solution (pH 7.2). The fluorescence intensity was
monitored at 370 nm (λex ) 325 nm) using an SLM 48000S
spectrofluorometer at 298 K. ANS was also used to study
the competitive interaction of dehydroergosterol or LysoPC14
with nsLTPs. ANS (25µM) was added to a solution
containing nsLTPs (0.8µM) in 30 mM phosphate buffer (pH
7). Dehydroergosterol (2µM) or LysoPC14 (2µM) was then
added, and the fluorescence intensity was recorded for 1500
s. The fluorescence intensity was monitored at 490 nm (λex

) 365 nm). The protein solution (10µM) in 30 mM
phosphate buffer was titrated with a small amount of
cholesterol (5µL) via monitoring the fluorescence intensity
on a Perkin-Elmer LS 55 luminescence spectrometer at 298
K. The excitation and the emission wavelengths were set to
275 and 305 nm, respectively. Data points on the titration
curves were an average of three measurements.

Circular Dichroism (CD) Experiments.nsLTP2 (15µM)
and cholesterol in an equimolar ratio were incubated at room
temperature overnight. The protein stability was measured
using Gdn‚HCl-induced denaturation. Protein or protein/
ligand solutions (300µL) containing 30 mM phosphate buffer
(pH 7.0) were treated with various concentrations of Gdn‚
HCl. The reversibility of the protein folding was confirmed
by diluting the denaturant in protein solutions (8 M) to lower
concentrations of Gdn‚HCl. A final protein concentration of
15 µM in 30 mM phosphate buffer (pH 7.0) was maintained
for all the refolding experiments. CD spectra were recorded
with an Aviv 202 spectropolarimeter at 1 nm resolution using
a 1 mm path length cuvette. An average of three CD scans,
measured at 298 K in the far-UV region between 210 and

250 nm, was used to determine theR-helical content of the
protein. The solvent-subtracted spectra were converted to the
mean residue ellipticity [θ] (MRE) in deg‚cm2‚dmol-1 from
the ellipticity values in millidegrees (θ). The fraction of helix
(f) was calculated using the equationf ) [(-[θ]obs/40000(n
- 4))/n] × 100, where [θ]obs and n refer to the observed
ellipticity value and number of amino acids, respectively (27).

Hydrogen/Deuterium Exchange.NsLTP2 was dissolved
in water to a final concentration of 0.4 mM (pH 7.0). An
eqimolar ratio of cholesterol in ethanol was added and
incubated with protein solution overnight. Subsequently, D2O
was added to aqueous solutions of nsLTP2 and the nsLTP2/
sterol complex in a 1:50 (H2O:D2O) ratio to initiate the H/D
exchange. After different incubation times, the H/D exchange
was quenched by adding ice-cold formic acid solution (ACN/
H20/formic acid (50:49:1)). The samples were immediately
analyzed with ESI-MS (28, 29). Different amounts of
cholesterol, at molar ratios (sterol:protein) from 0 to 10, were
incubated with a rice nsLTP2 solution (0.4 mM) for the
titration experiment. The H/D exchange was allowed for 100
min and quenched as described above. The dissociation
constant value was estimated from the changes in deuterium
content upon titrating nsLTP2 with a given cholesterol, using
the nonlinear relation

whereF0 andFs represent the number of H atoms exchanged
to D in the absence and presence of saturating concentrations
of the ligand (cholesterol),Pt is the total concentration of
the protein,Ri are various molar ratios of cholesterol with
rice nsLTP2, andKd is the dissociation constant of the
protein/cholesterol complex (30). Each data point was an
average of three experiments. The curve fitting of the titration
data was created using KaleidaGraph (Synergy Software).

Mass measurements in positive ion mode were performed
on a Micro Mass Quattro Ultima mass spectrometer by the
ESI-MASS method. The cone voltage and capillary voltage
were 55 V and 3.5kV, respectively. Nitrogen gas was used
to evaporate the solvent from the charged droplets. The
HPLC system used was an Agilent 1100 series with a liquid
chromatograph/mass-selective detector (LC/MSD). The sample
was eluted with a 20µL/min isocratic flow of 50% ACN,
49% H2O, and 1% formic acid.

Nuclear Magnetic Resonance Experiments.Rice nsLTP2
(∼3 mM) was dissolved in 50 mM phosphate buffer (90%
H2O and 10% D2O, pH 6.4) containing sodium 3-(trimeth-
ylsilyl)-[2,2,3,3-2H]propionate (d4-TSP) as the internal stan-
dard (8). A sufficient amount of cholesterol was added to
form a protein/cholesterol complex (31, 32). The nsLTP2/
cholesterol complex was prepared by adding cholesterol to
the nsLTP2 solution for overnight incubation. The solution
containing the complex was lyophilized and redissolved to
maintain the same buffer conditions. The solution was
centrifuged to remove any suspended particles. NMR experi-
ments were carried out on a Bruker 600 MHz NMR
spectrometer. Two-dimensional TOCSY spectra were ob-
tained with 2048 complex data points in the detection period
(t2) and 512 points in the evolution period (t1) at 298 K.
The total numbers of scans and dummy scans were 48 and
16, respectively. NMR spectra were processed using XWIN-

F ) F0 + [(Fs - F0)/2][(Kd/Pt + Ri/(n+ 1)) -

((Kd /Pt + Ri/(n+ 1))2 - 4Ri/n)0.5]
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nmr (Bruker) and analyzed using SPARKY (33). The
difference in chemical shift perturbations were calculated
using the equation∆δ(RH,NH) ) |∆δ(RH)| + |∆δ(NH)|. RH
andNH represent amide andR protons, respectively (34, 35).

Docking. A computer program, Gramm compiled in
Mandrake 8.0 Linux platform, was used to dock ergosterol
and cholesterol (36-38). All the possible positions and
orientations of ligand were tried with the geometric and
hydrophobic docking modes. In the intermolecular energy
calculation, the repulsion potential and attraction double
range were set according to the user manual. The grid step
was set to 1.7 Å. The complex structure was further refined
with the energy minimization protocol in the steepest descent
method in the Discover 3 module of the InsightII package
(Accelrys Inc.) (39). A stable final conformation was attained
after CVFF force-field energy minimization (500 steps) with
a dielectric constant value equal to 1.0. Various interactions
involved in the protein/ligand complex were established using
Ligplot v.4.0 (40). The hydrophobic cavity volume was
calculated using Voidoo in van der Waals mode with a 1.0
Å probe radius and a 1.1 unit of van der Waals growth factor
(41). The electronic potential surface map of the protein was
calculated using Grasp (42).

RESULT AND DISCUSSION

Fluorescence Binding Assay.Sterol binding to nsLTPs was
explored using a cholesterol analogue with intrinsic fluo-
rescence, DHE. Fluorescence intensity (a measure of interac-
tion kinetics) of the solution containing rice nsLTP2 and
DHE was gradually increased, but the intensity was not
altered for the solution containing rice nsLTP1 and DHE
(Figure 1A). The results demonstrated that rice nsLTP2 could
bind to the sterol molecule but not nsLTP1. This was further
confirmed with a competitive binding experiment with an
extrinsic fluorophore, ANS. ANS is known to bind hydro-
phobic protein surfaces. DHE or LysoPC14 was added to
preequilibrated complex (ANS/protein) solutions to compete
with ANS (Figure 1B). Addition of DHE did not change
the fluorescence intensity in an ANS/rice nsLTP1 complex.
In other words, DHE failed to replace ANS to bind with
rice nsLTP1. Inversely, the fluorescence intensity of the
solution containing the rice nsLTP2/ANS complex decreased
upon DHE addition. The decrease in the fluorescence
intensity was due to replacement of ANS by DHE in the
hydrophobic cavity of rice nsLTP2. In the same way, addition
of LysoPC14 can change the fluorescence intensity in two
ANS/protein complexes (Figure 1B). Both rice nsLTPs are
able to bind the linear lipid molecule LysoPC14.

CD Experiments.The chemical denaturation method was
used to estimate the stabilities of native and cholesterol-
bound states of nsLTP2. A denaturant-induced unfolding
study at increasing concentrations of Gdn‚HCl monitored by
CD showed a marginal stability increase for the ligand-bound
form (Figure 2). A perfect overlap of unfolding and refolding
profiles revealed that protein denatures reversibly (43, 44).
Nonlinear least-squares regression was used to analyze these
unfolding data according to a two-state model using the linear
extrapolation method (45, 46). The concentration of the
denaturant at which 50% of the protein is unfolded (Cm) for
cholesterol-bound rice nsLTP2 (4.14 M) was slightly higher
than that for free rice nsLTP2 (3.89 M). Similarly, the free

energies of unfolding (∆G°H2O) for free and ligand-bound
states of nsLTP2 were 14.568 and 16.865 kJ mol-1, respec-
tiely.

Hydrogen/Deuterium Exchange.Hydrogen/deuterium ex-
change is slower in the more protected regions of a protein
containing secondary structural elements (R-helices and
â-sheets) (47-49). In contrast, exchange rates in the less
protected regions (N-terminus, C-terminus, surface, or loops)
are enhanced. The kinetics of deuterium uptake for rice
nsLTP2 and the nsLTP2/cholesterol complex were analyzed
using mass spectroscopic techniques (Figure 3A). The
deuterium uptake rates were fast in the first 30 min, where
the overall deuterium contents for the free and cholesterol
complex forms of nsLTP2 were 87 and 79, respectively. The
H/D exchange became relatively slower at longer incubation
time, where the total numbers of exchangeable hydrogens

FIGURE 1: (A) Association kinetics of DHE with rice nsLTP1 (---)
and nsLTP2 (s). Protein was added to DHE solutions at 50 s,
indicated with an arrow. The fluorescence intensity of DHE
increased upon nsLTP2 addition. The fluorescence intensity was
monitored at 370 nm with excitation at 325 nm at 298 K. (B)
Competitive experiment between ANS and DHE/LysoPC14. An
extrinsic fluorophore, ANS, was used to monitor DHE/LysoPC14
binding with rice nsLTPs. After equilibration of the ANS/protein
complex (∼100 s, indicated with an arrow), DHE or LysoPC14
was added to compete with ANS. The fluorescence intensity was
recorded at 490 nm; the excitation wavelength was set to 365 nm.
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were 94 for free nsLTP2 and 87 for the complex. Even after
a few days of incubation, the overall deuterium uptake
remained constant.

NsLTP2 titrated with various molar ratios of sterol
molecules was used to determine the dissociation constant
(Kd) (Figure 3B). The number of hydrogens swapped with
deuterium decreased with increasing cholesterol concentra-
tion and attained a constant value, approximately 78. Lesser
deuterium substitution indicated that cholesterol-bound nsLTP2
forms a tight and less solvent exposed structure. The titration
curve was fit to a 1:1 binding model, resulting in a
dissociation constant (Kd) of 71.21µM.

Nuclear Magnetic Resonance Experiments.Atomic level
information of ligand/protein interactions can be obtained
from nuclear magnetic resonance (NMR) methods. The sterol
binding resulted in upfield chemical shift perturbations in
the one-dimensional1H NMR spectrum (data not shown).
These changes may be caused by aromatic ring current shifts,
resulting in changes of up to 1.5 ppm for methyl groups of
the protein that contact the sterol ring structure, or may be
the signals from sterol itself. These interactions may also
alter protein flexibility, causing other chemical shift effects.
Homonuclear two-dimensional TOCSY spectra of free
nsLTP2 and the cholesterol/nsLTP2 complex were compared
to locate the interacting residues. The fingerprint regions of
the two spectra were assigned with the help of previously
published chemical shift values (Figure 4A) (34, 35). The
assignments were also cross-checked and confirmed by their
spin patterns (50). None of the protein residues showed
significant chemical shift perturbations, indicating that
cholesterol binding did not alter the overall protein structure
(34, 35). However, chemical shift perturbations (∆σ > 0.018
ppm shown with a dashed line) were observed for a few
residues (Figure 4B). Asn4, Ala5, Gln7, Leu8, Thr9, Ile15,
Gly18, Phe36, Cys37, Phe39, Lys41, Tyr45, Arg47, Tyr48, Val49,
Asn50, Ser51, Arg55, and Val58 are the residues exhibiting
changes in their chemical environment upon sterol binding
(represented with bold letters in the protein sequence, Figure

4B). A schematic diagram of secondary structure elements
for rice nsLTP2 is also shown at the bottom of Figure 4B,
with helices represented by cylinders. The residues involved
in sterol binding are colored green in the three-dimensional
structure of rice nsLTP2 (Figure 5). The disulfide bonds are
shown in yellow, while the protein backbone is represented
by a tube. The major conformational changes upon sterol
binding occurred around helices I, IV, and V. A small set of
new peaks appearing in the fingerprint region of the complex
spectrum may arise from the bound sterol molecule.

Docking of a Sterol Molecule with Rice nsLTPs.As a
preliminary step to understanding the role of sterol/protein
complexes in plant defense mechanisms, ergosterol and
cholesterol were docked with rice nsLTPs (PDB codes 1RZL
for nsLTP1 and 1L6H for nsLTP2) using the Gramm
program (36-38). All the possible positions and orientations
of ligand in the proteins were attempted. Our docking results
showed that ergosterol and cholesterol cannot be fit into the
hydrophobic cavity of rice nsLTP1 (data not shown). The
hydrophobic docking mode gave a reasonable result for the
rice nsLTP2/sterol complexes. Cholesterol and ergosterol
acted through the same binding site at the hydrophobic cavity

FIGURE 2: Gdn‚HCl-induced unfolding curves of the cholesterol-
bound and free forms of nsLTP2. Unfolding was monitored at
different Gdn‚HCl concentrations at 298 K. The protein stability
(Cm and ∆G) was estimated according to a two-state model (a
sigmoid curve). The square symbols represent protein alone, while
the circle symbols are for the complex.

FIGURE 3: (A) Number of H/D exchanges of rice nsLTP2 in the
free and cholesterol-bound states represented as a function of
incubation time (0-100 min). The inset figure elucidates the
deuterium uptake for 24 h of incubation. H/D exchanges at various
time intervals of the free and complex forms of protein are
represented by squares and circles, respectively. (B) H/D exchange
monitored at various molar ratios of cholesterol with rice nsLTP2.
Each data point was measured after 100 min of incubation.
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FIGURE 4: (A) Comparison of the fingerprint regions of1H TOCSY spectra. The peaks for free rice nsLTP2 are shown in blue, while the
peaks for the cholesterol-bound complex form are shown in red. (B) A plot representing the sum of chemical shift perturbations (∆δ) for
each amino acid in the fingerprint region is used to locate various residues involved in the sterol binding. The residues having larger
chemical shift perturbations are represented with bold letters in the protein sequence. A schematic diagram of the secondary structure of
rice nsLTP2 is shown at the bottom, where helices are represented as cylinders.
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of rice nsLTP2. Insertion of cholesterol into rice nsLTP2
expanded the hydrophobic cavity from 132.55 to 325.59 Å3.
Likewise, the cavity volume of nsLTP2 also increased to
294.81 Å3 for ergosterol binding. The change in the three-
dimensional structures of rice nsLTP2 upon binding to
cholesterol is illustrated in Figure 6 using the MolScript v2.1
representation (51). The sterol molecule is in close contact
with helices I, IV, and V. The major difference in the two
conformations is at the loop between helices I and II, where
it is stretched by approximately 3.10 Å. The overall backbone
atomic RMSD values measured with Swiss-Pdb Viewer v3.6
for cholesterol and ergosterol complexes compared to the
ligand-free state are 1.57 and 2.03 Å (52). Similarly, the
overall side chain atomic RMSDs for cholesterol and
ergosterol complexes are 1.90 and 2.33 Å. As regards the
change range of the backbone atomic RMSD for each
residue, the maximum value for the complex and cholesterol-
free states is 4.193 Å and the minimum value is 0.513 Å. In
the case of ergosterol binding, the backbone atomic RMSDs
for each residue are between 4.171 and 0.363 Å. Seven
residues (Asn4, Ala5, Gly18, Phe39, Lys41, Ser51, and Val58)
with larger chemical shift perturbations (∆σ > 0.04 ppm)
were also mapped in the structural alignment plot (Figure
6). Those residues labeled in the figure were mostly located

at regions with a larger conformational change. The backbone
atomic RMSD for these seven residues is approximately 2.24
Å, and the side chain atomic RMSD is 2.84 Å. It was
suggested that cholesterol inserted into rice nsLTP2 to expand
the hydrophobic cavity and then caused the structural change.
The potential energy was also calculated using the CVFF
force field. The protein-only structure (632.61 kcal mol-1)
is less stable than the structure of the cholesterol/protein
complex (496.57 kcal mol-1). Theoretical modeling and
denaturant-induced unfolding studies were thus in agreement
with respect to the stabilizing effect of sterol binding to
nsLTP2. In addition, various residues involved in the
cholesterol binding and crucial for complex formation are
Leu8, Ile15, Phe39, Tyr45, Tyr48, Val49, Pro52, Ala54, Val58,
Leu65, and Pro66 according to Ligplot analysis (40). The side
chains of the two tyrosines (Tyr45 and Tyr48) shift to the inner
cavity to interact with a ligand. The amide protons of Phe39

and residues around helices I, IV, and V are involved in the
new hydrogen bonds. These new bonds may change the
overall deuterium uptake in the hydrogen/deuterium ex-
change experiment and provide contrasting values of pro-
tected hydrogens. Comparing the theoretical structure and
experimental results, the residues directly interacting with
the ligand are Leu8, Ile15, Phe39, Tyr45, Tyr48, Val49, and Val58,

FIGURE 5: Stereoview of the nsLTP2/sterol complex. Various residues involved in the sterol binding are colored in green. Most of these
residues are located around helices I, IV, and V. Comparing the theoretical docked structure and experimental NMR results, the residues
directly interacting with the ligand are Leu8, Ile15, Phe39, Tyr45, Tyr48, Val49, and Val58 labeled by blue stick representations. Cholesterol is
shown in a ball and stick mode, while the tube style is used for nsLTP2. The disulfide bonds are colored in yellow.

FIGURE 6: Superposition of the cholesterol complex (red) and free (blue) forms of rice nsLTP2 three-dimensional structures. The major
difference in the two conformations is observed at the loop between helices I and II, where the structure is stretched out approximately 3.10
Å. Residues with larger chemical shift perturbations were also represented in yellow.
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revealed with blue stick representations (Figure 5). The
cholesterol molecule is shown with a ball and stick repre-
sentation.

Comparison of Sterol Complexes with nsLTP2 and Elicitin.
Although rice nsLTP2 and cryptogein share only 20%
sequence identity, they display similar “L”-shaped helical
motifs and flexible regions. The complexes of cryptogein
and rice nsLTP2 with ergosterol were superimposed (a
stereoview representation in Figure 7A). Helices I, II, and
III of rice nsLTP2 (green) are perfectly aligned with helices
II, III, and IV of cryptogein (yellow), respectively. The
backbone atomic RMSD for these regions is 4.57 Å. The
helical regions form an L-shaped framework to support the
ergosterol association. The schematic representation of the
secondary structural overlap of cryptogein and rice nsLTP2
is shown in Figure 7B. Ergosterol inserts into the nsLTP2
cavity in a fashion similar to that in the cryptogein/ergosterol
complex, where many tyrosines, Tyr12, Tyr33, Tyr47, and
Tyr87, are involved in the interaction (21). In the case of
nsLTP2, Phe39, Tyr45, and Tyr48 are involved in ergosterol
binding (Figure 5). Thus, aromatic side chains appear to play
a similarly crucial role in ergosterol association in these
complexes.

Accommodation of sterol molecules in elicitin is an
essential step for recognition of the receptor at the plant
membrane to trigger the plant defense (53). Plant nsLTP1
has a high affinity for biological receptors recognized by
the elicitin/sterol complex but failed to trigger the signaling
pathway (22). A consensus is emerging that association of a
hydrophobic ligand is essential for nsLTPs to induce defense
responses (20). Although nsLTP1 shares structural similari-
ties with elicitin, it failed to accommodate rigid sterol
molecules (20, 22). The endogenous nsLTP2 associated with
a sterol molecule might interact with the plant membrane

receptor to induce a cellular signal pathway and promote
plant defense responses to inhibit or kill the microbes. Our
results provide a rationale for further exploration of the
mechanism of nsLTP2 in plant defense.

Comparison of nsLTP1 with nsLTP2.NsLTP1 and nsLTP2
are all helical basic proteins that show 30% sequence
similarities. Although nsLPT1 recognized the elicitin/sterol
receptor at the plant surface, it failed to induce plant defense
(22). A recent report suggested that the gene essential for
plant defense is nsLTP2 (23). To understand the discrepancy
involved in their mechanisms, the structures and modes of
ligand binding were analyzed. The backbone atomic RMSD
for rice nsLTP1 (PDB code 1RZL) with rice nsLTP2 (PDB
code 1L6H) shows a lower value (2.21 Å) because the basic
framework is supported by four well-conserved disulfide
bonds. The size of the hydrophobic cavity for rice nsLTP1
(366.5 Å3) is larger than that for rice nsLTP2 (132.55 Å3).
Despite the cavity size, nsLTP2 but not nsLTP1 could
accommodate a rigid sterol molecule (Figure 1B). The
plasticity of the hydrophobic cavity and flexibility of the
hydrophobic molecules are necessary for binding (20). Thus,
the preference for rigid molecules is not attributed to the
protein’s cavity size but its mode of binding. The conforma-
tion of nsLTP2 includes a long flexible region at one side
of the molecule and a disulfide-bonded rigid helical portion
on the other. Cholesterol insertion through the highly flexible
portion of nsLTP2 posed little spatial restriction. The
disulfide bonds serve as hinges, as shown as yellow sticks
in Figure 5, to accommodate cholesterol molecule binding
to nsLTP2. NsLTP2 is opened up like a shell to form
hydrophobic contacts with the ligand. Because nsLTP1 would
require unrealistic distortion to accommodate the perhydro-
1, 2-cyclopentanophenanthrene ring system, it can only bind
to linear lipid molecules (Figure 1B) (6, 7, 10). In the case

FIGURE 7: (A) Three-dimensional structural alignment of cryptogein and rice nsLTP2. Rice nsLTP2 and cryptogein share similar structural
motifs. Rice nsLTP2 and cryptogein complexes have an L-shaped helical motif and a flexible loop region. The highly rigid portion of rice
nsLTP2 (green) is closely aligned with cryptogein (yellow). The flexible region of rice nsLTP2 and the remaining portions of cryptogein
are colored in blue and red, respectively. Ergosterol is shown with the ball and stick model with different colors for cryptogein-bound
ergosterol (gray) and rice nsLTP2-bound sterol (black) molecules. (B) Schematic diagram of secondary structural alignment of cryptogein
and rice nsLTP2. Closely aligned helical regions are represented with green (rice nsLTP2) and yellow (cryptogein) cylinders. Other cylinders
and arrows represent other helices andâ strands, respectively. The amino acid positions of various structural regions are labeled.
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of nsLTP1, disulfide bonds connect four helices to form a
tunnel-like hydrophobic cavity and restrict spatial flexibility.
As a consequence, nsLTP1 is only able to accommodate
linear lipid molecules such as fatty acids and not rigid
voluminous molecules.

CONCLUSION

Both theoretical simulation and experimental data suggest
that regardless of the cavity size, rice nsLTP2 but not nsLTP1
could bind to a rigid sterol molecule. The disulfide bonds
of nsLTP1 may restrict the flexibility of the protein to
accommodate sterol molecules. The nsLTP2 conformation
is minimally perturbed upon sterol binding, and tyrosine
residues adjacent to the hydrophobic cavity mediate the
protein/hydrophobic ligand interaction. Elicitins secreted by
a fungal pathogen must associate with sterol molecules to
be recognized by the receptor at the plant membrane to
induce a signaling pathway. Although nsLTP1 has a high
affinity for elicitin receptors, it is unable to prompt defense
mechanisms (22). It is suggested that association of sterol
molecules is a critical step for elicitins or nsLTPs to bind to
a receptor involved in the control of plant defense responses
(20). NsLTP1 has high structural similarities with elicitin,
but it is unable to accommodate sterol molecules. Our results
showed that nsLTP2 can bind not only lipids but also sterol
molecules. Furthermore, these nsLTP2/sterol complexes may
interact with receptors at plant plasma membranes to trigger
plant defense responses.
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