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Abstract

Nonspecific lipid transfer proteins (nsLTPs) facilitate the transfer of phospholipids, glycolipids, fatty acids
and steroids between membranes, with wide-ranging binding affinities. Three crystal structures of rice
nsLTP1 from Oryza sativa, complexed with myristic (MYR), palmitic (PAL) or stearic acid (STE) were
determined. The overall structures of the rice nsLTP1 complexes belong to the four-helix bundle folding
with a long C-terminal loop. The nsLTP1-MYR and the nsLTP1-STE complexes bind a single fatty acid
while the nsLTP1-PAL complex binds two molecules of fatty acids. The C-terminal loop region is elastic
in order to accommodate a diverse range of lipid molecules. The lipid molecules interact with the nsLTP1-
binding cavity mainly with hydrophobic interactions. Significant conformational changes were observed in
the binding cavity and the C-terminal loop of the rice nsLTP1 upon lipid binding.
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Lipid transfer proteins (LTPs) transport lipid molecules
across membranes in vitro; however, their in vivo biological
role is not clear (Rueckert and Schmidt 1990; Kader 1996).
The binding of lipids to LTPs can be both specific and
nonspecific. The nonspecific lipid transfer proteins
(nsLTPs; Rueckert and Schmidt 1990) have an affinity for a
variety of hydrophobic molecules, such as monoacylated
and diacylated lipid molecules including fatty acids (Han et
al. 2001), fatty acyl CoA (Lerche et al. 1997), lyso-phos-
phatidylcholine (Charvolin et al. 1999), and phosphatidyl-
glycerol (Sodano et al. 1997). NsLTPs are ubiquitous pro-
teins that have been found in bacteria, yeast, plants, and
animals (Rueckert and Schmidt 1990). They are the major
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lipid-binding proteins in plants and have been isolated from
rice, wheat, barley, maize, peaches, and apricots (Poznanski
etal. 1999). NsLTPs involve in the formation of a protective
hydrophobic cutin and suberin layers over plant surfaces.
These layers prevent water diffusion into the grain and fun-
gal attacks (Kolattukudy 1981; Trevino and O’Connell
1998). Some nsLTPs exhibit antimicrobial activity (Douliez
et al. 2000a), such as that reported for the antifungal activity
of a rice lipid transfer protein (Ge et al. 2003). NsLTPs are
basic proteins (pI 8-10), disulfide-rich and can be divided
into two subfamilies, nsLTP1 (molecular weight ~9 kDa)
and nsLTP2 (molecular weight ~7 kDa; Kader 1996). It has
been proposed that nsLTPls transport cutin monomers
while nsLTP2s are involved in the conveyance of the more
rigid suberin monomers (Douliez et al. 2000a).

Additional biological functions have been suggested for
nsLTPs. They might participate in the transport of phospho-
lipids from liposomes or microsomes to mitochondria (Breu
et al. 1989) and regulate the beta-oxidation of fatty acids in
glyoxysomes (Tsuboi et al. 1992). NsLTPs share the same
biological receptor with elicitins that bind sterol molecules
and are known elicitors of plant defense (Blein et al. 2002).
A putative lipid transfer protein from Arabidopsis has been
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Figure 1. Amino acid sequence alignment of five plant nsLTP1s. Residues boxed in red are the conserved residues in all five proteins.
Two consensus regions, T/S-X-X-D-R/K and P-Y-X-I-S, are underlined. Green cylinders indicate four a-helices. The hydrogen bonds
(black) and van der Waals forces (white) are labeled as following: 4/<: residues interact with MYR; A/A: residues interact with
PAL1; B/O: residues interact with PAL2; @/O: residues interact with STE.

implicated in the signaling pathway of a plant defense sys-
tem that resists avirulent and virulent pathogens (Mal-
donado et al. 2002). Moreover, nsLTP1s can be used as
carriers and transporters in drug delivery applications (De
Wolf and Brett 2000; Pato et al. 2001).

Plant nsLTPls have high sequence identity (Fig. 1).
There are two highly conserved regions (*°T/S-X-X-D-R/

A B

K* and 7®P-Y-X-I-S%? of rice nsLTP1; Douliez et al.
2000a) that contribute significantly to lipid binding. The
binding property of wheat nsLTP1 for various lipid mol-
ecules has been investigated with fluorescence spectroscopy
(Douliez et al. 2000b). Several crystal and solution struc-
tures of unliganded and liganded nsLTP1s have also been
elucidated (Shin et al. 1995; Lee et al. 1998; Lerche and

C

Figure 2. The overall structures of the rice nsLTP1 complexes: (A) nsLTP1-MYR, (B) nsLTP1-PAL, and (C) nsLTP1-STE. The
2|Fol — IFcll omit electron density maps of the rice nsLTP1 complexes: (D) myristic acid of the nsLTP1-MYR complex, (E) two
palmitic acids (PAL1 & PAL2) of the nsLTP1-PAL complex, and (F) two stearic acids (STE A & STE B) of the nsLTP1-STE
complex. The lipid coordinates were omitted in the phase calculation. The omit maps were contoured at the 1.0 o level.
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Poulsen 1998; Charvolin et al. 1999; Han et al. 2001). They
all share a common protein fold with a four-helix bundle
structure. The crystal structure of unliganded rice nsLTP1
has the same overall structure as that of other nsLTP1s but
a relatively smaller hydrophobic cavity (Lee et al. 1998).
However, no liganded rice nsLTP structure has ever been
reported. In order to understand the lipid-binding properties
of rice nsLTP1, we determined the rice nsLTP1 crystal struc-
tures in complex with myristic, palmitic, or stearic acid.

Results and Discussion

Overall structures of the rice nsLTP1 complexes

The rice nsLTP1 complexes share the structure of a four-
helix bundle (H1 through H4) with a long C-terminal seg-
ment (residue numbers 72-91; Fig. 2A—C). They fold into a
compact domain of approximate 34 A x 25 A x 22 A with
four disulfide bonds. Noticeably, these structures have a
large internal hydrophobic cavity where the lipids bind. One
lipid molecule was found in the nsLTPI-MYR and the
nsLTP1-STE complexes, while two lipid molecules (PAL1
and PAL2) were identified in the nsLTP1-PAL complex
(Fig. 2A—C). There is one molecule per asymmetric unit for
the nsLTP1-MYR and nsLTP1-PAL complexes while two
molecules (nsLTP1-STE A and nsLTP1-STE B) per asym-
metric unit were found for the nsLTP1-STE complex. The
well-defined electron density map of myristic, palmitic, and
stearic acids from the rice nsLTP1 complexes are shown in
Figure 2, D-F.

Lipid binding of the rice nsLTP1 complexes

The superimposed images of unliganded and liganded
nsLTP1s are presented in Figure 3A. The rice nsLTP1 com-
plexes bind lipid molecules with a tunnel-like hydrophobic
pocket surrounded by the C-terminal loop and the four
a-helices. The hydrocarbon tails of the lipids are inserted
into the hydrophobic cavity of nsLTP1 while the head
groups of the lipids protrude out of the binding pocket and
point towards the solvent. The central regions (about ten
aliphatic carbons) of MYR, PAL1, and STE (except PAL2)
are superimposed well in Figure 3B. However, their head
groups have different orientations. The head groups of
MYR and PALI1 are more exposed to the solvent than that
of STE by 4.6-5.9 A. STE is also farther inside of the binding
pocket (~6.6 A), since it has a longer fatty acyl chain.
Bulk hydrophobic interactions are required for lipid bind-
ing in the rice nsLTP1 complexes. Most hydrophobic inter-
actions are attributed to two regions of the rice nsLTP1: One
locates in helices H2 and H3 while the other situates at the
end of helix H4 and the C-terminal loop. Detail lipid—pro-
tein hydrophobic interactions are summarized in Table 1.
Leu51 and Ile81 contribute the most to these hydrophobic
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Figure 3. (A) Stereo drawing of the superimposition of the unliganded rice
nsLTP1 (PDB:1rzl) and the four liganded rice nsLTP1 complex structures
(nsLTP1-MYR, nsLTP1-PAL, and nsLTP1-STE A, and nsLTP1-STE B).
Unliganded rice nsLTP1 is colored in red and liganded nsLTP1 complexes
are colored in green (the nsLTP1-MYR complex), blue (the nsLTP1-PAL
complex), yellow (the nsLTP1-STE complex-A molecule), and light gray
(the nsLTP1-STE complex-B molecule). The most diverse C-terminal loop
of unliganded rice nsLTP1 is labeled in start. (B) The superimposition of
four fatty acid ligands (myristic, palmitic, and stearic acids) from the
liganded rice nsLTP1 complexes.

interactions. Notably, Ile81 interacts with the most aliphatic
carbons of PAL2. Residues Vall0, Leu34, Lys35, Ala38,
Argd4, Ala66, [1e69, Val77, Pro78, and Tyr79 also form van
der Waals interactions with lipid molecules (except PAL2,
which orients in an opposite direction). The hydrophobic
contacts of the rice nsLTP1 complexes are illustrated by
LIGPLOT (Wallace et al. 1995) in Figure 4. These residues
are distributed evenly through out the protein molecule
and are not necessarily conserved among plant nsLTPls
(Fig. 1).

For some plant nsLTP1 complexes, the highly conserved
Arg44 and Tyr79 (number according to the rice sequence)
form hydrogen bonds with the carboxylate groups of fatty
acids (Charvolin et al. 1999; Douliez et al. 2000a; Han et al.
2001). Surprisingly, Arg44 is not essential while Tyr79 in-
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Table 1. Hydrophobic interactions (4.5 A) of three rice nsLTP1-lipid complexes

Fatt

acidy NsLPT1-MYR NsLTP1-PALI NsLTP1-PAL2 NsLTP1-STE A NsLTP1-STE B
Cl K35, P78 K35, P78 A63, A66, 181, S82, A83 K35, A38, R44 K35, A38, Y79

C2 K35, P78 K35, A38, R44, P78 A63, A66, 181, A83 L34, K35 V77,Y79

C3 R44, P78 K35, A38, R44, P78 A66, 181, A83 V77, Y79 L34, L51, V77, Y79
Cc4 K35, A38, R44, V77, P78 K35, A38, R44 A66 V31, L34, L51 V31, L51, V77, Y79, 181
C5 V77, Y79 L34, K35, A38, R44 181 L51, V77, Y79 V31, L34, L51, 181
Cc6 V77 L34, K35 L51, 181 V31, L51 V31, L51, P70, 181
Cc7 L34 L34, K35 L51, 181 L51, 181 L51, 181

C8 V31, L34, 181 L34, V77, 181 181, S82, A83 V10, L51, 169, 181 A66, 169, 181

(e] V31, L34 L34 T80, 181, S82, A83, 185 169, 181 A66, 169, 181

C10 L51, 181 181 S82, 185 C13, 169, 181 V10, C13, 169

Cl1 V10, V31, L51, 181 V10, L51, 181 C48, L51, 185 Al7, A66, 169, 181 V10, C13, 169

Cl12 V10, 169, V31 V10, L51, 181 L51, T80, 181 AS5, 181 V10, A54, 158

Cl13 V10, 169, 181 V10, L51, 169 L51, 181 A55, 158 V10, A54, A55, 158
Cl4 V10, 169 169, 181 V77, Y79, 181 Al7, 158 V10, A54, 158

Cl15 C13, 169 V77, 181 V10, A54, 158 L14, 158

Cl6 Al7, A66, 169 R44 V10, L14, 158 V10, G11, L14

C17 V10, G11, L14 A7, Gl11

Ci18 Gl1, L14 A7, V10, G11

teracts with some of the lipid head groups in our rice
nsLTP1 complexes (Fig. 5). In the nsLTPI-MYR complex,
instead of protein residues, two water molecules interact
with the carboxylate group of MYR (Fig. 5A). For the
nsLTP1-PAL complex, Lys35 forms hydrogen bonds with
the carboxylate group of PAL1 (Fig. 5B) and this residue is
not conserved among plant nsLPT1s (Fig. 1). Both Ala83
and Ile81 form hydrogen bonds with the head group of
PAL2 (Fig. 5C). In the nsLTP1-STE B complex, residues
Tyr79 and Lys35 interact with the head group of STE B
(Fig. 5D). Perceptibly, STE A does not have any hydrogen-
bond interaction in the nsLTP1-STE A complex. Hence, the
hydrophilic interactions between the lipid molecules and
protein are diverse in these rice nsLTP1 complexes. Tyr79,
as found in other plant nsLTP1 complexes, participates only
in the binding of STE B in the nsSLTP1-STE B complex. We
suggest that hydrophilic interactions are crucial to some but
not all of the lipid bindings in the rice nsLTP1 complexes.

Two lipid-binding sites of the
rice nsSLTPI-PAL complex

Dual lipid-binding sites (PAL1 and PAL2) are observed in
the rice nsLTP1-PAL complex (Fig. 2B). A similar lipid-
binding mode has been found in the wheat nsLTP1-LMPC
(lyso-myristoyl-phosphatidylcholine) complex (Charvolin
etal. 1999). PALLI is located in a position similar to those of
other nsLTP1 complexes in single lipid-binding mode (Shin
et al. 1995; Lee et al. 1998; Lerche and Poulsen 1998;
Charvolin et al. 1999; Han et al. 2001). PAL2 is bound
adjacent to PAL1 in an opposite orientation. The well-de-
fined electron densities of PAL1 and PAL2 show the two-

alkyl chains of the palmitic acids (Fig. 2E). They buried
inside the hydrophobic binding cavity in a stable conforma-
tion with averaged B-factor of 22.8 A% and 33.6 A” for
PAL1 and PAL2, respectively. PAL1 and PAL2 are ori-
ented approximately anti-parallel and lined up head to tail
inside the binding pocket of nsLTP1. They form significant
hydrophobic interactions with nsLTP1 and have similar
numbers of van der Waals interactions (Fig. 4B,F; Table 1).

Unliganded and liganded rice nsLTP1s

The hydrophobic cavity of unliganded rice nsLTPI is oc-
cupied by two water molecules and considerably smaller
than that of other nsLTP1s (Lee et al. 1998). In our study,
the binding pockets of the liganded rice nsLTP1 complexes
are fully occupied by lipid molecules with no observable
solvent molecule.

Structural superimposition among unliganded and li-
ganded rice nsLTP1s (Fig. 3A) gives a Ca r.m.s. deviation
of 1.59, 1.65, 1.19, and 1.22 A for the nsLTP1-MYR, the
nsLTP1-PAL, the A and B molecules of the nsLTP1-STE
complexes, respectively. The nsLTP1-PAL complex binds
two lipid molecules and has the biggest structural deviation
from the unliganded nsLTP1. The nsLTP1-STE complexes
have the smallest Ca r.m.s. deviation among the three rice
nsLTP1 complexes. This might be due to the fact that the
STE ligands are completely buried inside the protein-bind-
ing pocket and have the most van der Waals interactions
(Table 1). The major structural difference between liganded
and unliganded rice nsLTP1s is localized in the C-terminal
loop region (residue numbers 77-82; Fig. 3A). The C-ter-
minal loop points toward the hydrophobic cavity and blocks
the lipid-binding pocket in the unliganded rice nsLTP1.
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Figure 4. (A-D) The molecular surface of the rice nsTLP1 complexes (nsLTPI-MYR, nsLTP1-PAL1 & 2, and nsLTPI-STE A &
B) drawn by DS ViewerPro, colored according to the electrostatic potential, ranging from blue to red (=10.0 to +10.0). Residues 77-82
were removed to show the hydrophobic cavity. Labeled residues are those of rice nsLTP1 participating in hydrophobic interactions
between protein and fatty acids as shown in Table 1. (E-H) A representation of the hydrophobic interactions between rice nsLTP1 and
fatty acids (MYR, PAL, STE A, and STE B) by LIGPLOT (Wallace et al. 1995).
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Figure 5. Hydrogen bond interactions between the head group of fatty acid and the rice nsLTP1: (A) the myristic acid (MYR) in the
nsLTP1-MYR complex, (B) the first palmitic acid (PAL1) in the nsLTP1-PAL complex, (C) the second palmitic acid (PAL2) in the
nsLTP1-PAL complex, and (D) the stearic acid (STE B) in the nsLTP1-STE complex.

Based on the unliganded rice nsLTP1 structural model,
Argd4, Tyr79, and Ile81 have been inferred to be directly
involved in lipid binding (Lee et al. 1998). Indeed, these
residues exhibit significant structural deviations between
the liganded and the unliganded rice nsLTP1s (Fig. 6).
These conformational changes are necessary because they
create more space to accommodate the lipid molecules.
Arg44 is within the conserved motif (*°T/S-X-X-D-R/K*)
of helix H3 and located close to the head group of the lipid.
Tyr79 and Ile81 are in the other conserved region ("*P-Y-
X-I-S*2) of the C-terminal loop.

In the unliganded rice nsLTP1, Arg44 partly blocks the
entrance of the lipid molecule. However, Arg44 moves
away from the binding pocket in the liganded rice nsLTP1s
(Fig. 6). The distances between Arg44 and the fatty acids
increase from the unliganded to liganded states: 1.51 to 3.88
A (Argd4 NHI-MYR Ol), 2.33 to 4.34 A (Argd4 NHI-
PALI1 O1), and 4.25 to 6.16 A (Arg44 NH1-STE A Ol; Fig.
6). Arg44 acts as a switch at the entrance to let the lipid
molecules to access the binding pocket. Since the STE mol-
ecule of the nsLTP1-STE complex is bound more inside the
binding pocket, it has a longer distance between Arg44
NHI-STE A Ol. Arg44 forms hydrogen bonds with the
head group of lipid molecules in plant nsLPT1 complexes.
However, similar hydrogen bonding is missing from the rice
nsLPT1 complexes.

Residue Tyr79 has been found to be the key residue in the
lipid binding of plant nsLTP1s (Lee et al. 1998; Charvolin
et al. 1999; Han et al. 2001). In the unliganded rice nsLTP1,
Tyr79 locates around the middle of the binding pocket. It
segments the binding pocket into two and totally breaks
down the lipid-binding environment (Fig. 6). In the liganded
rice nsLTPIs, Tyr79 orientates away from the binding
pocket in order to create a binding site. The distances be-
tween Tyr79 and the fatty acids change from the unliganded
to liganded states: 0.68 to 6.42 A (Tyr79 CEI-MYR C7),
0.89 to 10.30 A (Tyr79 OH-PALI C5), and 0.92 to 4.90 A
(Tyr79 OH-STE A C2; Fig. 6). This conformational change
creates a binding pocket for the occupation of the lipid
molecule. In the nsLTP1-PAL complex, Tyr79 has to shift
much further in order to accommodate the second lipid mol-
ecule (PAL2).

In the unliganded rice nsL'TP1, Ile81 is situated near the
bottom of the lipid-binding pocket and interferes with lipid
binding. In the liganded rice nsLTP1, Ile81 has to readjust
so as not to block the lipid binding (Fig. 6). The distances
between Ile81 and fatty acids differ from the unliganded to
liganded states: 0.84 to 6.56 A (lle81 CDI- MYR Cl14),
0.48 to 7.59 A (Ile81 CDI-PALI C15), and 1.01 to 4.83 A
(Ile81 CB-STE A C12; Fig. 6). Upon binding, Ile81 is
involved in significant van der Waals interactions with lipid
molecules in these three rice nsLTP1 complexes (Table 1).
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Figure 6. The superimpositions between the unliganded (green) and liganded (red) rice nsLTP1s of the three key residues (Arg44,
Tyr79, and Ile81), which are involved in the lipid binding. The lipid molecules are represented as ball-and-stick models.

The structural differences between the single (the
nsLTP1I-MYR and nsLTP1-STE complexes) and dual
(the nsLTP1-PAL complex) binding modes of the rice
nsLTP1 complexes appear to be minor (Fig. 3). Even
though the rice nsLTPI is in a single binding mode in
the nsLTPI-MYR and nsLTP1-STE complexes, the space
corresponding to the second PAL2 binding site in the
nsLTP1-PAL complex is not blocked. Therefore, the sec-
ond lipid-binding site (such as PAL2) of the rice nsLTP1
complex is probably available even in the single lipid-
binding mode. The filling of the second lipid-binding site
possibly depends on the availability and concentration of
the lipids.

2310 Protein Science, vol. 13

The hydrophobic cavity of rice nsLTP1

The van der Waals volumes of the hydrophobic cavities
of the rice nsLTP1 complexes were measured by CASTp
(Liang et al. 1998) and the numbers obtained are: 1082 A3
for the nsLTP1I-MYR complex, 1345 A3 for the nsLTP1—
PAL complex, and 783 A% and 515 A3 for the nsLTP1-STE
complex A and B molecules. In these calculations, the fatty
acid has been removed from the binding cavity. The hydro-
phobic cavity of unliganded rice nsLTP1 is only 249 A3,
small and discontinuous (Lee et al. 1998). The difference in
the van der Waals volume of the hydrophobic cavity be-
tween unliganded and liganded rice nsLTP1 is noteworthy
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in that it displays an elasticity of the rice nsLTP1 for form-
ing complexes. The nsLTP1-PAL dual lipid-bound com-
plex has the biggest hydrophobic cavity among the three
rice nsLTP1 complexes. However, it is only slightly bigger
than that of the nsLTP1-MYR complex, a single lipid-
bound complex. The conformational change between the
unliganded and liganded rice nsLTP1s is more significant
than that between the single and dual lipid-binding modes of
rice nsLTP1 complexes.

Among these three complexes in this study, the nsLTP1-
STE complex has the smallest hydrophobic cavity and the
strongest interaction between the ligand and the protein.
Probably STE has the longest aliphatic chain among the
three fatty acid molecules. There are two molecules per
asymmetric unit in the nsLTP1-STE complex and each
molecule binds one fatty acid. STE A and STE B are the two
fatty acids observed in the asymmetric unit for two nsLTP1
molecules. The tails of STE A and STE B (C17-C18) are in
different orientations (Figs. 2F, 3B). STE A stretches out of
the binding pocket and has fewer ligand—protein interac-
tions than those detected for STE B (Table 1). In contrast,
the tail of STE B folds back and form several extra in-
teractions with the rice nsLTP1 (Table 1). It implies that
the STE B molecule in the nsLTP1-STE complex has the
most favorable lipid-binding conformation among the rice
nsLTP1 complexes.

Comparisons with other plant nsLTP1s

Several plant nsLTP1 complexes, such as the barley and
maize nsLTP1 complexes, have been reported in the single
lipid-binding mode (Lerche and Poulsen 1998; Han et al.
2001). These structures are similar to the rice nsLTPI1s in
this study and can be superimposed (Fig. 7A,B). The four
a-helices (H1-H4) of nsLTP1s are almost aligned. The ma-
jor conformational disparities occur in loop 1 (between he-
lix H1-H2), loop 3 (between helix H3-H4), and the C-
terminal loop of the proteins. The Ca r.m.s. displacement
between the rice nsSLTPI-MYR and the barley—-PAL com-
plex (solution structure) is 2.12 A and that for the rice
nsLTP1-MYR and the maize-PAL complex (crystal struc-
ture) is 1.24 A. All lipids bind in a similar position of the
nsLTP1-binding pocket. The central hydrophobic parts
(about seven aliphatic carbons) of the lipids are overlapped
well, however the head groups display various orientations.
These structural variations do not affect lipid binding, since
hydrophobic interactions within the pocket contribute the
main adhesion force.

Previous studies have suggested that plant nsLTP1s have
a small hydrophobic cavity in the unliganded state and en-
larged conformationally during complex formation (Lee et
al. 1998). Indeed, both rice (249 A3) and barley nsLTP1s
(73 A3) have a small hydrophobic cavity in the unliganded
state. The barley nsLTP1-PCoA complex (1jtb.pdb; Lerche

Figure 7. (A) Stereo drawing shows the superimposition of three plant
nsLTP1 complexes of the single lipid-binding mode: rice nsLTP1-
MYR (this study, green), barley nsLTP1-PAL (PDB: lbe2, cyan), and
maize nsLTP1-PAL (PDB: 1mzm, gold) complexes. (B) The superimpo-
sition of the ligands (myristic and palmitic acids) of these plant nsLTP1
complexes.

et al. 1997) has a binding pocket of 884 A*. In this study, the
cavity of the rice nsLTPI has increased to 1354 A® upon
PAL binding. It is even larger than that of the wheat
nsLTP1-LMPC (1150 A%) which is also a dual lipid-bind-
ing complex (1bwo.pdb; Charvolin et al. 1999). Interest-
ingly, the rice nsLTP1-STE complex has a hydrophobic
cavity of 515 A3, It is even smaller than that of the unli-
ganded maize nsLTP1 (526 A%; Han et al. 2001), in spite of
the fact that its ligand (STE, C18) has the longest aliphatic
chain. We speculate that the volume of the binding cavity of
the rice nsLTP1 complex depends on the lipid-binding situ-
ation. A lipid with a longer aliphatic chain binds more
tightly with the protein and has a smaller binding cavity
volume.

Dual lipid biding in rice and wheat nsLTP1 complexes

In forming the rice nsLTP1-PAL complex, a higher molar
ratio of protein to lipid (1:4) was used and a dual lipid-

www.proteinscience.org 2311



Cheng et al.

binding mode was observed. Similarly, using a molar ratio
of 1:4 (protein:lipid) led to the best crystal formation of a
wheat nsSLTP1-LMPC complex (Charvolin et al. 1999), and
the dual lipid-binding mode was detected. However, maize
nsLTP1 was complexed with various lipid molecules at mo-
lar ratios 1:1-1.5 and the dual lipid-binding mode was not
observed (Han et al. 2001).

The rice nsLTPI-PAL (this study) and the wheat
nsLTP1-LMPC complexes (Charvolin et al. 1999) are su-
perimposed and presented in Figure 8A. The ligands, PALs
and LMPCs, are located in similar positions but orientated
in opposite directions (Fig. 8B). Even though LMPC is
much longer than PAL, their corresponding aliphatic chains
are in the same location and both proteins use similar hy-
drophobic residues in lipid binding. Several lipid-lipid in-

A

teractions have been found in both complexes. Fifteen van
der Waals interactions (=4.5 A) can be detected in the rice
nsTLP1-PAL complex. However, only three interactions
were found in the wheat nsLTP1-LMPC complex (Fig. 8C).
These interactions might be important for the dual lipid-
binding mode in nsLTP1s, since two lipid molecules have to
share one binding pocket. The closest distance between the
two lipid molecules is 3.2 A and 4.0 A in the rice nsTLP1-
PAL and the wheat nsTLPI-LMPC complexes, respec-
tively.

The PALI1 binding site is common to the single lipid-
binding nsLTP1 complexes and has a lower temperature
factor than PAL2 (22.8 A2 and 33.6 A? for PAL1 and
PAL2). These results imply that PAL1 has a higher affinity
for the protein than PAL2. Obviously, PALI is the primary

PAL 1 (rice)

PAL 2 (rice)
.-}

c
;,;ﬂ‘:
33
P :
.. 4
;..a"’ g t;-:%‘_{‘& i
o §

LMPC 2

Figure 8. (A) Stereo drawing shows the superimposition of two nsLTP1 complexes of the dual lipid-binding mode: rice nsLTP1-PAL
(this study, blue) and wheat nsLTP1-LMPC (PDB: Ibwo, green). (B) The superimposition of LMPC and PAL molecules of two
nsLTP1 complexes. (C) Lipid-lipid hydrophobic interactions of LMPCs (left) and PALs (right). Van der Waals interactions (3.0-4.5

A) are depicted by dotted lines.
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binding site for the dual lipid-binding mode of the rice
nsLTPI.

Conclusion

Three rice nsLTP1 crystals in complex with myristic, pal-
mitic or stearic acids were obtained. The proteins fold into
four a-helices and a long C-terminal loop region. They
share a common structural fold with other plant nsLTP1s.
The structural flexibility of the C-terminal loop facilities the
binding of various lipid molecules to the rice nsLTP1. The
protein has a tunnel-like hydrophobic cavity with space suf-
ficient for the binding of one or two lipid molecules. A
single and a dual lipid-binding mode are identified for the
nsLTP1-PAL complexes. Binding of the second lipid mol-
ecule possibly depends on the availability of the lipids dur-
ing complex formation. Hydrophobic interactions are the
major forces in lipid binding, which is also stabilized by the
hydrophilic interactions between the head group of the lipid
molecule and the protein. These hydrophilic interactions are
crucial to some but not all of the lipid bindings in the rice
nsLTP1 complexes. Our results indicate that structural de-
viations between the single and dual lipid-binding modes of
rice nsLTP1s are minor. However, the conformational
changes between unliganded and liganded rice nsLTP1s are
significant.

Materials and methods

Isolation and purification of rice nsLTPI

NSsLTP1 protein was isolated and purified according to Liu et al.
(Liu et al. 2002). Briefly, rice bran was extracted with sulfuric
acid. The crude extracts were purified with a cation exchange
column (Sephadex c-25) that was eluted with 1 M NaCl. NsLTP1s
were then separated with a C,g4 reverse-phase semi-preparative
column (Cosmosil) using acetonitrile containing 0.1% (v/v) tri-
fluoroacetic acid as the mobile phase.

Crystallization of rice nsLTP1 complexes

The concentration of the rice nsLTP1 used in crystallization was
20 mg/mL. To prepare the nsLTP1-lipid complexes, fatty acids
were dissolved in methanol, and then added to protein solutions at
various molar ratios. Three fatty acids, myristic (C14:0), palmitic
(C16:0), and stearic (C18:0) acids were used to form the nsLTP1
complexes. Palmitic and stearic acids belong to the cutin monomer
C16 and C18 families, respectively. Complex crystals were grown
by the hanging drop vapor diffusion method from 45~60% (v/v)
polyethylene glycol 600 and 0.2 M ammonium dihydrogen phos-
phate in a buffer of 0.1 M sodium acetate and pH 5.6. The
nsLTP1-MYR (C14) complex crystals were grown at a molar ratio
of 1:2 (nsLTP1:myristate), the nsLTP1-PAL (C16) complex crys-
tals were grown at a molar ratio of 1:4 (nsLTP1:palmitate), and
the nsLTP1-STE (C18) complex crystals were grown at a molar
ratio of 1:1.6 (nsLTP1:stearate).

Data collection for rice nsLTPI complexes

X-ray diffraction data were collected on a Rigaku R-AXIS IV++
imaging plate system, using CuKa x-ray radiation generated from
a Rigaku RU-H3R rotating anode operating at 50 kV and 100 mA.
All data sets were indexed, integrated, and scaled by means of
DENZO and SCALEPACK software packages (Otwinowski and
Minor 1997). The nsLTP1-MYR (C14) complex crystals have the
unit-cell parameters of a = 49.65 A, b = 74.49 A, and ¢ = 49.73
A, with a space group C222, (Table 2). These crystals diffracted to
2.5 A. The V,, (Matthews 1968) was calculated to be 2.58 A*Da™!
and the solvent content was estimated to be 52%, containing one
molecule per asymmetric unit. The nsLTP1-PAL (C16) complex
crystals have the unit-cell parameters of a = 48.03 A,b = 72.7 A,
and ¢ = 49.75 A, with a space group €222, and diffracted to 2.1
A (Table 2). The V,, (Matthews 1968) was calculated to be 2.41
A®Da™" and the solvent content was estimated to be 49%, with one
molecule per asymmetric unit. The nsLTP1-STE (C18) complex
crystals belong to the space group C2 with cell dimensions of
a=7594 A b=>538A,c=49.08 A, and B = 96.36° (Table
2). The V,, (Matthews 1968) of the nsLTP1-STE complex crystal
was calculated to be 2.8 A’Da! with 56% solvent content and
diffracted to 2.0 A. There are two molecules of the complex per
asymmetric unit.

Structural determination and refinement
of rice nsLTPI complexes

The conformational change between the unliganded and liganded
rice nsLTP1 is significant. Therefore, the structure cannot be de-
termined with the unliganded rice nsLTP1 (PDB:l1rzl) as a search
model by molecular replacement. However, the structural phases
of the rice nsLTP1 complexes could be determined using the crys-
tal structure of the maize nsLTP1-PAL complex (PDB:1mzm;
Han et al. 2001) as the search model. The AMoRe program (Na-
vaza 1994) was used for the molecular replacement phase deter-
mination. The search model was placed in a P1 cell with
a=b=c=90Aand a =B =y = 90°. Data between 8.0 to
4.0 A and a Patterson radius of 20 A were used to calculate the
rotation and translation functions. Significant rotation and transla-
tion solutions were obtained for the nsSLTP1-MYR and nsLTP1-
PAL complexes. After rigid body refinement, the correlation co-
efficients and R-factors were 64.9% and 34.9% for the nsLTP1-
MYR complex and 30.7% and 49.1% for the nsLTP1-PAL
complex. In the nsLTP1-STE complex, the same search model and
similar procedure were applied for structure determination. Since
there are two molecules per asymmetric unit in the nsLTP1-STE
complex, two solutions were obtained with a correlation coeffi-
cient of 44.5% and an R-factor of 37.1%.

Structural model building and refinement were carried out using
the XTALVIEW (McRee 1999) and CNS (Brunger 1998) pro-
grams. Simulated annealing omit maps were used to reduce the
model bias and to determine the lipid positions of these three
complex crystals. A bulk solvent mask was calculated to improve
the reflection data. The refined structural model of the nsLTP1—
MYR complex contains 616 non-hydrogen atoms, one myristic
acid molecule and 92 water molecules, with an R-factor of 21.6%
and an R, of 28.8% at 2.5 A (Table 2). The refined structural
model of the nsLTP1-PAL complex includes 616 nonhydrogen
atoms, two palmitic acid molecules and 89 water molecules, with
an R-factor of 22.4% and an R, of 26.5% at 2.1 A (Table 2). The
refined structural model of the nsLTP1-STE complex contained
1232 nonhydrogen atoms, two stearic acid molecules and 189
water molecules with an R-factor of 21.7% and an Ry, of 25.6%

free
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Table 2. X-ray diffraction statistical data and structure refined data of three rice nsLTPI1-lipid complexes

NsLTP1-MYR® NsLTP1-PAL NsLTP1-STE

Crystal system Orthorhombic Orthorhombic Monoclinic
Space group C222, C222, Cc2
Unit cell parameters

a(A) 49.65 48.04 75.94

b (A) 74.49 72.70 53.80

c(A) 49.73 49.75 49.08

o (°) 90.0 90.0 90.0

B () 90.0 90.0 96.36

v (®) 90.0 90.0 90.0
Resolution (A) 2.5 2.1 2.0
Number of reflections collected 16801 26876 54089
Number of unique reflections 3424 5340 13135
Redundancy of reflection 4.9 5.0 4.1
Completeness (%) overall (outmost shell) 99.9 (100.0) 99.8 (9.4) 98 (97.5)
I/o(I) overall (outmost shell)* 7.0(2.1) 24.87 (3.3) 18.3 (7.5)
Rmergeb (%) overall (outmost shell)® 6.2 (28.3) 7.2 (59.6) 5.2 (18.0)
R/Ree (%) 21.6/28.8 22.4/26.5 21.7/25.6
Number of used reflections (F > 20F) 3154 4888 12898
Number of atoms (nonhydrogen) 616 616 1232
Number of water molecules 92 89 189
Number of lipid molecule 1 2 2
Averaged B-factor (A?) 24.7 15.8 13.7
Lipid molecules’ B-factor (A% 20.0 22.8/33.6 28.2/26.8
R.m.s. deviation for bond length (A) 0.006 0.006 0.005
R.m.s. deviation for bond angle (°) 1.1 1.1 1.1

@ Qutmost shell for the nsSLTP1-MYR complex is 2.50 ~ 2.40 A, for the nsLTP1-PAL complex is 2.18 ~ 2.10 A, and for the nsLTP1-STE complex is

2.07 ~2.00 A.

PRoperge@ = Tyl — 17X, X1 where I is the mean intensity of the ith observation of reflection hkl.

¢ Data processed by Crystal Clear (Rigaku Corp.).

at 2.0 A (Table 2). The final structure refinement statistics for three
complex crystals are summarized in Table 2. The averaged B-
factors were 20 A2 for the MYR in the nsLTP1-MYR complex,
22.8 A% and 33.6 A2 for the PALI and PAL2 in the nsLTP1-PAL
complex, and 28.1 A% and 26.8 A2 for the STE A and STE B in the
nsLTP1-STE complex.

Protein Data Bank accession numbers

The coordinates of the rice nsLTP1 complexes have been depos-
ited in the Protein Data Bank, accession numbers luva, luvb and
luvc for the rice nsLTP1-MYR, nsLTP1-PAL and nsLTP1-STE
complexes, respectively.
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