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Non-specific lipid-transfer proteins (nsLTPs) are involved in the move-
ment of phospholipids, glycolipids, fatty acids, and steroids between
membranes. Several structures of plant nsLTPs have been determined
both by X-ray crystallography and nuclear magnetic resonance. However,
the detailed structural basis of the non-specific binding of hydrophobic
ligands by nsLTPs is still poorly understood. In order to gain a better
understanding of the structural basis of the non-specific binding of
hydrophobic ligands by nsLTPs and to investigate the plasticity of the
fatty acid binding cavity in nsLTPs, seven high-resolution (between 1.3 A
and 1.9 A) crystal structures have been determined. These depict the
nsLTP from maize seedlings in complex with an array of fatty acids.

A detailed comparison of the structures of maize nsLTP in complex
with various ligands reveals a new binding mode in an nsLTP-oleate
complex which has not been seen before. Furthermore, in the caprate
complex, the ligand binds to the protein cavity in two orientations with
equal occupancy. The volume of the hydrophobic cavity in the nsLTP
from maize shows some variation depending on the size of the bound
ligands.

The structural plasticity of the ligand binding cavity and the predomi-
nant involvement of non-specific van der Waals interactions with the
hydrophobic tail of the ligands provide a structural explanation for the
non-specificity of maize nsLTP. The hydrophobic cavity accommodates
various ligands from C10 to C18. The C18:1 ricinoleate with its hydroxyl
group hydrogen bonding to Ala68 possibly mimics cutin monomer bind-
ing which is of biological importance. Some of the myristate binding sites
in human serum albumin resemble the maize nsLTP, implying the
importance of a helical bundle in accommodating the non-specific bind-
ing of fatty acids.
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Lipid-transfer proteins (LTPs) facilitate the trans-
fer of lipids between membranes. They have been
isolated from a diverse range of organisms, from
bacteria and yeast to higher plants and animals.'
Some LTPs are specific, whereas others are non-
specific, exhibiting an affinity for a broad range of
polar lipids. Despite sharing a lack of specificity,
plant non-specific LTPs (nsLTPs) show no amino
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Table 1. Schematic drawings of the ligands
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acid sequence similarity to mammalian LTPs. Plant
nsLTPs are small (~9 kDa), disulfide-rich, basic
proteins. A number of roles for plant nsLTPs have
been proposed. They include the transfer of phos-
pholipids from liposomes or microsomes to
mitochondria,> the transport of cuticular com-
ponents required for the biosynthesis of surface
wax,>® and the inhibition of bacterial and fungal
pathogens of plants.® Furthermore, they bind
fatty acids and acyl coenzyme A with high affinity
and have been proposed to function as fatty acid
and acyl coenzyme A carrier proteins.” !

Initially the tertiary structure of nsLTP from
maize was predicted to be “all B-sheet”.'> How-
ever, an NMR study on wheat nsLTP in solution
indicated that it is mainly o-helical.”®> The solution
structure of nsLTP from wheat'* and the crystal
structure of nsLTP from maize' revealed the first
view of an nsLTP, showing a lack of B-strands and
nearly two-thirds of the residues as a-helices. Since
then, the crystal structure of nsLTP from rice'® as
well as solution structures of nsLTPs from maize,'”
barley,'® and rice'” have also been determined. In
the absence of a bound ligand, these proteins have
a tunnel-like hydrophobic cavity, which is large
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enough to accommodate a long fatty acyl chain.
All these structures share a common protein fold,
first discovered in a hydrophobic protein from soy-
bean (HPS).?>*! We propose that this kind of pro-
tein fold be called the “‘plant nsLTP fold”.

The crystal structures of maize nsLTP in complex
with palmitate' and wheat nsLTP with lyso-myris-
toyl-phosphatidylcholine (LMPC) at 2.1 A resol-
ution have been reported.” They showed that the
hydrocarbon tail of the ligand is inserted into the
protein cavity and the head group is exposed on
the protein surface. Unfortunately, the choline
head group of LMPC was not resolved in the elec-
tron density map due to high B-factors. Solution
structures of barley nsLTP complexed with
palmitate®® and with palmitoyl coenzyme A,'8
maize nsLTP complexed with 1-palmitoyl-2-
lysophosphatidylcholine,’ and wheat nsLTP com-
plexed with 1,2-dimyristoylphosphatidylglycerol*
have also been reported. In these structures, the
hydrocarbon tails of the fatty acids are also
inserted into the protein cavity. However, the sol-
ution structure differs from the crystal structure in
that the ligands are inserted from the opposite end
of the tunnel-like hydrophobic cavity. This
suggests that two orientations are possible for
hydrophobic ligands to bind to plant nsLTPs.*?
Furthermore, the recent solution structure of
nsLTP(wheat):prostaglandin B, complex® shows
that the ligand was fully embedded in the hydro-
phobic core of the protein.

In order to improve our understanding of how
hydrophobic ligands of different length and shape
are accommodated in the binding cavity of nsLTPs
it is necessary to perform a more systematic study
of protein ligand interactions with a series of fatty
acids (see Table 1). Here we have determined a
number of high-resolution crystal structures of
maize nsLTP in complex with an array of hydro-
phobic ligands, saturated or unsaturated fatty
acids, ranging in size from C10 to C18. These struc-
tures allow us to determine precisely ligand-pro-
tein interactions and to examine how the
hydrophobic cavity of maize nsLTP accommodates
different hydrophobic ligands for non-specific
binding. Furthermore, we have compared the crys-
tal structures of maize nsLTP with proteins having
similar binding modes, such as human serum albu-
min (HSA).

Results and Discussion

Overall structure and quality of the models

The structures of the maize nsLTP in complexes
with various fatty acids (Table 1) at 1.8-1.9 A or
1.3 A resolution have been refined with crystallo-
graphic R-factors of 17.1-21.4% (Rge. of 17.7-
27.4 %) and the root-mean-square (r.m.s.) deviation
from the ideality is 0.009-0.016 A and 1.60-2.20°
for bond lengths and bond angles, respectively. As
in the uncomplexed structure, the final models of
maize nsLTP complexes fold into a single compact

domain consisting of four a-helices and a long C-
terminal loop region, with four disulfide bonds
interconnecting the secondary structure elements
(Figure 1). The tunnel-like hydrophobic cavity is
occupied by the hydrophobic tail of the ligand in
the complexed models.

The overall rm.s. differences between com-
plexed and uncomplexed structures are in the
range 0.79-0.94 A. The major differences between
complexed and uncomplexed structures are loca-
lized in the C-terminal loop region. The overall

(©)

Figure 1. (a) Stereo ribbon diagram of maize non-
specific lipid-transfer protein complexed with oleate.
The Figures were drawn with the MOLSCRIPT
program.*! (b) Superposition of the backbone trace of
eight nsLTP complexes. (c) Bound fatty acids showing
structural comparisons between complexes. Colors used
in (b) and (c): nsLTP:caprate (purple), nsLTP:laurate
(red), nsLTP:myristate (dark red), nsLTP:palmitoleate
(green), nsLTP-stearate (blue), nsLTP:oleate (dark green),
nsLTP-linoleneate (yellow), and nsLTP-ricinoleate (dark
blue).
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average B-factors of complexed structures are in
the range 12.4-22.7 A2

Figure 2(a) shows molecular surfaces colored by
B-factors. Only two complexes, C10 caprate and
C18 ricinoleate, are shown here. The remaining
nsLTP fatty acid complexes showed similar pat-

(@)

nsLTP:caprate

terns. Among the complexes, one can notice a simi-
lar pattern of B-factor distribution. However, the
B-factor distribution of uncomplexed nsLPT is
slightly different (note the blue region around the
cavity, which changes to red on complexation).
The B-factors around the cavity of complexed

nsLTP:ricinoleate
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Figure 2. (a) The comparison of B-factors of molecular surfaces calculated for uncomplexed and complexed nsLTPs
with the ligand omitted for clarity. The surface color from blue to red represents B-factors from 59.29 to 14.6 A2 The
GRASP program** was used to display B-factors for (a). (b)-(c) The comparison of r.m.s. differences between uncom-
plexed and complexed nsLTPs. Main-chain atoms (continuous lines) and side-chain atoms (continuous rods) of each

residue are plotted in (b) and (c).
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structures (residues Ilel1, Ser14, Ilel5 and Alal8 in
helix H1; Val33 and Leu36 in helix H2; Ala40 of
loop L2; Ala49, Leu53, Ala56, Ala57 of helix H3;
Val60 and Leu63 of loop L3; Ala68, Ile71 and
Pro72 of helix H4 and Val77, 1le79 and ILe83 in the
C-terminal region) are decreased by ~25 A?
(Figure 2(a)). Figure 2(b) shows B-factor differences
between uncomplexed protein and the complexes
for caprate and ricinoleate. The largest difference is
observed at residues 78-81, near the C-terminal
loop. These regions correspond to regions of the
highest r.m.s. deviation in superimposed atomic
coordinates. (Figure 2(c)).

Structural plasticity of the hydrophobic cavity

One of the most prominent features in the crystal
structure of maize nsLTP is the presence of a
hydrophobic cavity, which runs through the pro-
tein (Figure 3). It is tunnel-like, resembling a
curved, hollow tube with an opening (termed the
“top” opening) at one end near the C terminus of
helix H2, another opening (termed the “bottom”
opening) at the opposite end near the C terminus
of helix H3, and a small fracture on the side
between helix H4 and a part of the C-terminal loop
region. The side gap is filled with ordered water
molecules (see Figure 7(a) of ref. 15). The head
groups of the bound ligands are stretched out, con-
tacting the surface residues and water molecules.
However, the hydrophobic tails of bound ligands
are buried inside the hydrophobic cavity (Figure 3).
The van der Waals volume of the hydrophobic
cavity shows a dependence on the size of the
bound ligand, varying between 547 and 620 A°.
The van der Waals volume of the hydrophobic
cavity in the uncomplexed nsLTP is 399 A?, calcu-
lated by VOIDOO?. This value is slightly different
from that calculated by GRASP, 408 A3, “'which we
used previously.'® So we recalculated the volume
for all the complexes using the VOIDOO program
to make an accurate comparison. The cavity
volume increases slightly as the length of the
bound fatty acid increases from C10 to C16: cap-
rate, 558 A%; laurate, 547 A% myristate, 566 A%; pla-
mitate, 582 A3 palmitoleate, 569 A%. It also shows
some dependence on the shape of C18 saturated
and unsaturated fatty acids: stearate, 557 A%; ole-
ate, 564 A3; ricinoleate, 620 A3; linoleneate, 605 A3.
A similar trend was observed in the probe-accessi-
ble cavity volumes that are calculated by measur-
ing the volume occupied by the centers of probe
atoms using a radius of 1.4 A as the probe moves
through the cavity. They are caprate, 110 A%; lau-
rate, 122 A3; myristate, 134 A3; palmitate, 138 A3;
and palmitoleate, 133 A%. For C18 fatty acids, they
are stearate, 124 A3 oleate, 128 A3 ricinoleate,
146 A% and linoeneate, 146 A®. The ligand-depen-
dent variation of the cavity volume implies a struc-
tural plasticity of the hydrophobic cavity, that is,
the cavity of maize nsLTP can swell or contract to
a certain extent to accommodate a variety of
bound ligands. This plasticity may be due to the
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Figure 3. (a) The oleate model in the hydrophobic
cavity (drawn with MSP*). (b) Fatty acid-binding-
induced volume changes in nsLTP complexes. For all
calculations, the fatty acid has been removed from the
cavity. Rods show the van der Waals volumes of hydro-
phobic cavities and a line shows the volume of the
probe-accessible cavity using a probe radius of 1.4 A.

predominance of aliphatic residues lining the
cavity.”” Figure 3(b) shows fatty acid-binding-
induced volume changes. For the complexes, the
van der Waals cavity volume is larger than that of
the uncomplexed protein, but within the com-
plexes, it remains constant. However, the probe-
accessible cavity volume, also calculated by VOI-
DOO, indicates more of a dependence on the size
of bound ligands; the cavity size increases some-
what with acyl chain length from C12 to C16, with
almost no change from C16 to C18. The average
cavity volume of the complex of C18 ligands is
136 A3, which is almost the same as that of the C16
complexes. This implies that the optimal cavity
volume for nsLTP is for ligands between C16 and
C18. Among C18 ligands, the volume of the probe-
accessible surface of stearate and oleate is similar
to Cl6 palmitate and palmitoleate complexes.
However, linoleneate has a bigger probe-accessible
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Table 2. Torsion angles, B-factors and van der Waals contacts (within 4.5 A) of bound fatty acids

Carbon Torsion B-factor Contacts Carbon  Torsion B-factor Contacts
atom angles () (AY atom angles () (A)
Caprate Palmitoleate
Cl -163 47.1 V33, N37,L53,179 Cl 164 39.1 R46, 179, Y81
C2 179 442 V33,136, L53 c2 -136  38.2 N37, A40, R46
C3 -148 39.5 V33,153,183 C3 79 37.1 A40, A49,1.53
C4 149 35.2 V33,183 C4 -179 373 136, N37,L53
C5 -177 327 V33, P72, 183, sol180 C5 -96 38.0 153,179
C6 178 30.9 111, V33,153,171, 183 C6 -62 38.8 V33, N37
c7 -121 31.2 171, 183, s0l180 C7 -107 40.5 V33, L36, 1.53
C8 -165 349 171, sol180 C8 -99 416 V33, L53
c9 36.0 111 c9 0 436 V33, p72
C10 38.0 111, 115, A18, V60 C10 -135 449 V33,171, P72
Cl11 -99 462 111, V33,L53
Cl2 -132 478 111, L53, 501513
Laurate
Cl3 -126 498 111, C14,171, sol513
Cl 76 413 N37, 179, soll43, soll52,
sol168
C2 -97 353 L36, A40, A49, L53,| Cl4 63 51.1 111, C14, 115, sol513
soll143
C3 -179 33.0 L36, 153,179, sol143 C15 51.6 Cl14,115, A18, so0l513,171
C4 79 28.1 V33, L36, N37, 179 Ci6 52.5 Al8, A68, 171, sol513
(o5} -161 29.0 V33,179
Cé6 -164 28.5 V33, L36, L53, 183
Cc7 -157 28.6 V33, P72,183 Stearate
C8 -177 29.5 111, V33,153,171, 183
Cl 101 39.0 R46, Y81, sol5, soll44,
sol147
9 -115 304 171, 183 C2 -142 36.1 A40, R46, A49, Y81, sol147
Cl0 175 320 171 C3 -171 34.5 A49, 153,179, Y81, sol147
Cll 336 111 Cc4 -110 316 N37, L53, 179, sol147
Cl2 353 111,115 C5 132 325 L36, N37, L53
C6 76 323 V33, N37,179
Cc7 -176 35.1 V33,179, 183
Myristate
C8 174 35.5 V33,183
Cl 101.7 232 A40, N37, R6,179, sol318,
sol 254, sol 277
Cc2 -73 25.6 L36, A40, A49, N37, R46, | C9 -139 386 V33, P72, 183, sol2
s0l277
C3 -162 219 L36, A49, L53, s0l277 Cl0 148 41.1 V33,171, 183, sol2
C4 -142 233 L36, N37, 179 Cll 123 44.9 L.53, 183, sol2, sol198
C5 156 25.6 L36, V33, N37 Cl2 -173 475 I11, L53, sol2
Cco6 -14 25.7 V33,N37, V77 Cl13 -125 50.0 171, sol2
C7 119 26.0 V33, P72, V77,179 Cl4 [ 53.0 111, C14,115, sol2
Cc8 109 23.7 V33, L53, P72, 179 Cl5 72 53.9 115, A18, V60
c9 137 218 111, V33,153 Clé -133 55.2 Al18, A56, A57, V60
Clo -129 19.1 V33,171 C17 56.2 L53, AS6, AS7
Cll -169 223 111,153,171 Cl8 56.5 L53, A57, 183, sol198
Cl12 21 274
Cl3 30.7
Cl4 353 111,C14,A18,171

surface volume, 146 A3. It seems that linoleneate
with three cis-double bonds needs a larger space.

Ligand-protein interactions and the structural

basis of non-specific binding

Accurate models of bound ligands are a prere-
quisite for the analysis of ligand-protein inter-
actions. In order to avoid any bias from the
previously built models of the complexes, the
bound ligand in each complex structure was inde-
pendently modeled into the electron density. Most

of the ligands have been defined by continuous
electron density of sufficient length and their
models could be built in one conformation. In all
cases except for caprate and oleate, the orientations
of the bound ligands were clearly discernible due
to the bulky electron density for the head groups
and their orientations are the same as in the pre-
viously reported crystal structure of the maize
nsLTP:palmitate complex.” Contacts for all ligands
are shown in Table 2.

For the caprate complex, the electron density
does not show the bifurcated shape of the carboxy-
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Table 2. (continued).

Carbon Torsion B-factor  Contacts Carbon Torsion B-factor Contacts
atom angles (°) (A» atom angles (°) Ay
Linoleneate Ricinoleate
Cl -151 27.1 N37, R46, 179 Cl -175 21.3 R46,Y81,s01434,501441
C2 -62 24.4 R46, W81 Cc2 180 233 A40,R46,A49,Y81 s0l4
41
C3 119 25.8 R46, W81 C3 -67 22.9 A49,1.53,Y81,s01441
Cc4 19 24.1 A40, R46, A49, W8] C4 155 237 L36,A40,A49,1L53
CS ~-167 25.7 L36, A40, A49 C5 -126 24.1 L36,N37
C6 -145 26.2 L53 C6 159 22.7 V33,L36,N37,L53
c7 77 27.8 [.36, N37, .53 Cc7 -139 227 V33,L53,179
C8 -176 25.2 L36, 153 C8 161 21.8 V33,s0l464
Cc9 -6 26.1 1.53 c9 24 21.9 V33,1.53,501464
Cio -173 29.1 V33, LS3, P72,179 Cl10 ~-164 232 1.53,183,s0l464
Cll 114 259 V33,L53 Cli -161 24.0 V33,171,s0l464
Cl2 33 279 V33,171, P72 Cl2 -143 264 A68,171,s0l464
Cl13 89 26.3 171, sol152 012 294 A68.171,P72,183,50144,
s01445,s0l464
Cl4 94 28.4 L53 Cl3 178 28.9 A57
Ci5 54 29.5 111, L53, 501201 Cl4 ~-157 311 AS57.183
Cl6 ~-178 29.8 171, s0l201 Cl5 -175 30.8 A57
Cl17 272 AS57, 501201 Cl6 -174 327 Al8,A68,171
Cl18 26.4 Al18, AS6, A57, V60, | C17 32.8 I11,C14,115,A18,171
501201
Cl18 377 111, Cl14,115
Oleate {conformation 1) Oleate (conformation 2)
Cl -175 36.56 N37, sol 457, sol364, | C1 101 41.95 R46, C50, Y81, R46,
A40, R46, 501360, V92, sol351
sol361, sol383, s0l665
c2 ~-168 37.56 N37, sol564, A40, | C2 26 40.19 R46, Y81, 501383,
R46, sol 360, sol361, sol351
501383, sol 665
C3 106 37.40 N37, A40, R46, | C3 38 41.00 N37, R46, 179, sol360,
501360, 501383, 501665 s0l383
C4 82 39.58 N37, R46, 179, so0l1360, | C4 116 39.05 N37, A40, 179, sol383
501383
C5 84 39.37 N37, R46, 179, sol351, | C5 114 39.15 1.53, A40, A49
sol383
C6 -158 39.27 A40, R46, A49 Co -77 39.07 L36, N37, A40
c7 95 38.24 L.53,Y81,179 C7 36 39.22 L.36, V33, N37, 53
C8 107 38.53 L36, L53 C8 125 39.60 V33, L36, N37
c9 11 39.73 V33,N37,179 Cc9 -7 40.20 V33,179
Cl10 174 39.93 V33, V77,179 Cl0 123 4041 V33,179,183
Cll -134 40.52 V33, 1.53, 179, 183 Cl1 135 40.64 V33, LS3, 183
Cl2 -146 40.82 V33, P72,183 Cl2 165 4141 V33,171,183
Cl3 -179 41.06 V33,153,183 C13 -170 41.94 V33,171, 183
Cl4 -162 42,06 171, P72, 183, sol359 Cl4 130 42.29 V33,171
CIS 147 42.48 L53, 183 Cl5 159 42,78 171, sol359
Clé 120 43.34 171, A68, sol359 Clé 179 43.62 111
C17 43.15 Sol359, soll 160 Cl17 43.67 A57, 501359
Cl18 41.92 171, Al18 Cl18 41.43 115, V60, A57, AS6,
Al8

late moiety and X-ray diffraction data alone cannot
distinguish the two possible orientations, caprylate
tail up or down (Figure 4(a)). The values of R-fac-
tor (Rye.) of the two models are 0.2145 (0.2416) and
0.2141 (0.2419), respectively. Both modes of caprate
chains are straight, having ~180° torsion angles
and van der Waals interactions with Val33, Leu36,
Ile71 and I1e83 (Table 2). With two conformations
of caprate with half occupancy for each, the R-fac-
tor and Rg. are 0.201 and 0.231, respectively
(Figure 4(b)). It is likely that caprate binds to the
cavity in both orientations. The inverted mode of

binding (B in Figure 4(b)) was observed in the sol-
ution structures of barley nsLTP in complex with
palmitate® and palmitoyl coenzyme A.' For cap-
rate, which contains all single bonds in its C10
hydrocarbon tail, there are no strong interactions
with the residues of the interior wall of the cavity.
There is no hydrogen bond between the oxygen
atoms of the carboxylate group of caprate and
atoms from the residues Tyr81, Arg46, and Asn37.
This may explain why caprate binds in both orien-
tations. In this complex, the side-chains of Tyr81
and Asn37 are involved in the hydrogen-bond net-
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Figure 4. (a) Stereoview of a F, — F. omit electron density map of nsLTP:caprate showing binding mode 1. The
map was contoured at the 2.7 o level. The coordinates of this region were omitted and the protein coordinates were
refined by X-PLOR¥® before the phase calculation. (b) A representation of the two different caprate-binding inter-

actions is shown by LIGPLOT.

work with water molecules 401 and 402 instead.
The average B-factor of capric acid is 33.4 A?
(Table 2).

Unlike C12 laurate and C14 myristate, which
contain hydrogen bonds with the side-chain of
Asn37, the carboxylate head groups of the longer
C16 fatty acids, palmitate and palmitoleate, are
hydrogen bonded with the OH group of Tyr81. In
the nsLTP:laurate complex, the hydrocarbon tail of
laurate contains all single bonds, the O1 carboxy-
late atom of laurate is hydrogen bonded with ND2
of Asn37 with a distance of 2.96 A. The other oxy-

gen, the O2 atom of the carboxylate group, is very
weakly hydrogen bonded with water molecules
152 and 168 with distances of 3.60 and 3.53 A,
respectively. For myristate, which contains all
single bonds in the C14 hydrocarbon tail, the bind-
ing interaction is similar to that of nsLTP:laurate.
The O1 atom of myristic acid is hydrogen bonded
with ND2 of Asn37 and water 318. The O2 atom of
myristic acid is hydrogen bonded with water mol-
ecules 254 and 277 with distances of 2.95 and
2.77 A, respectively.
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Palmitoleate and palmitate C16 fatty acids, due
to their length, have a different binding mode than
laurate and myristate. The head group of palmi-
toleate is stretched out in the place formerly occu-
pied by water molecules in nsLTP:caprate,
nsLTP:laurate, and nsLTP:myristate. The binding
modes of palmitate and palmitoleate are very simi-
lar. The O1 atoms of the palmitate and palmitole-
ate’s caboxylate groups participate in hydrogen
bonds with the OH group of Tyr81. The O2 atom
of palmitoleate’s carboxylate group is hydrogen
bonded with the OH of Tyr81 with a distance of
3.15 A. The difference is 2.86 A between the O2
atom of palmitate’s carboxylate group and the OH
group of Tyr81.

Still larger fatty acids can be accommodated by
nsLTP by maintaining hydrogen bonding with
Tyr81, and by participating in different hydrogen-
bonding networks. Various C18 fatty acids from
nsLTP:stearate, nsLTP:oleate, nsLTP:ricinoleate,
and nsLTP:linoleneate show different binding
interactions from each other.

In the nsLTP:stearate complex, the stearate con-
sists of all single bonds in its C18 hydrocarbon
chain. The O2 atom of stearate is hydrogen bonded
with the OH of Tyr81 with a distance of 2.55 A.
The O1 carboxylate atom of stearate is hydrogen
bonded with water molecules 144 and 205 with
distances of 3.15 and 2.83 A, respectively.

For oleate (C18:1, 9), the F, — F electron density
also suggests two different conformations for bind-
ing (Figure 5(a)). The hydrocarbon tail of oleate
contains all single bonds except the C9=C10
double bond. One conformation of the carboxylate
group is bound in the usual location, the other con-
formation is new. Each model gives essentially
identical values of R-factor (Rg..) when two inde-
pendent refinements were carried out.

The interactions of oleate of conformation 1
(Figure 5(a)) involve hydrogen bonds with two
additional water molecules, because the head
group of oleate is more exposed at the protein sur-
face in conformation 1. The O1 atom of the oleate
conformation 1 is hydrogen bonded with water
361 and the NH2 group of Arg46 with distances of
2.75 A and 3.01 A, respectively (Figure 5(b)). The
02 atom of oleate is hydrogen bonded with water
molecules 564 and 665 with a distance of 3.19 A
and 3.05 A, respectively. The O2 atom also donates
the proton to either oxygen atom of Asn40 or
Ala37 (not shown in Figure 5(b)). The distance
between the O2 and oxygen backbone of Asn40
and Ala37 is 2.67 and 3.14 A, respectively.

In conformation 2 of oleate (the usual confor-
mation), the O1 atom of the carboxylate group is
hydrogen bonded with the OH of Tyr81 and water
351 with distances of 2.65 A and 3.03 A, respect-
ively. The O2 atom of oleate makes a hydrogen
bond with the OH group of Tyr81 with a distance
of 2.72 A and the oxygen atom of Arg46 could be
hydrogen bonded with O2 atom also (Figure 5(b)).

In the linoleneate complex, the O2 atom of lino-
leneate is hydrogen bonded with the OH of Tyr81

and water 223 with distances of 2.77 and 3.02 A,
respectively.

For ricinoleate in nsLTP:ricinoleate, the C18
hydrocarbon chain is the same as oleate except for
the addition of one OH group at C12. The O1 atom
of the carboxylate group of nsLTP:ricinoleate is
hydrogen bonded with the OH of Tyr81 and water
moleculeso44l and 434 with distances of 2.78, 3.50,
and 2.92 A, respectively. The O2 atom of the car-
boxylate group is hydrogen bonded with water
434 with a distance of 3.27 A. The hydroxyl group
of C12 is hydrogen bonded with the oxygen atom
of Ala68, and water molecules 444 and 464 with
distances of 3.38, 3.09, and 3.19 A, respectively.

Most of the hydrocarbon chains of the bound
fatty acids are bent to fit into the curved tunnel-
like cavity of nsLTP except C10 caprate, which is
the shortest ligand. The torsion angles in Table 2
show that the bending modes of each fatty acid are
different due to the different length and shape of
these ligands.

In most of the nsLTP complexes, except for cap-
rate and oleate as mentioned above, one of the two
possible orientations of the fatty acids is predomi-
nantly favored due to the interactions with Tyr81,
Arg46, and Asn37. These three residues, all located
along the top opening of the cavity, as well as sev-
eral ordered water molecules, are responsible for
interaction with the carboxylate group of most of
the bound ligands. Tyr81 and Arg46 are strongly
conserved among plant nsLTPs, while Asn37 is
replaced by Lys or His in other nsLTPs.'®

The detailed ligand-protein interactions are sig-
nificantly different from one ligand to another,
depending on the length of hydrocarbon tail of
each fatty acid. The hydroxyl group at carbon 12
of ricinoleate (18:1) is hydrogen bonded to Ala68,
which is strongly conserved among plant nsLTPs.'®
This suggests that one of the physiological ligands
for plant nsLTPs may be hydroxyl fatty acids such
as cutin monomers. Cutin is formed from 16:0 and
18:1 fatty acids with hydroxyl or epoxide groups.
Although the presence of a hydrogen bond in this
ricinoleate complex with a distance of 3.69 A is not
a strong binding interaction, it may be important
in transporting cutin monomers during the for-
mation of the cutin layer. However, other ligands
can also be accommodated in the cavity with van
der Waals contacts only, therefore, maintaining
nsLTP’s non-specific binding properties of trans-
porting various fatty acids between membranes.

The structural plasticity of the ligand binding
cavity and the involvement of van der Waals inter-
actions only between the cavity and the hydro-
phobic ligands provide a structural basis for
explaining the non-specificity of maize nsLTP.

Comparisons with other nsLTPs and
functionally related proteins

Maize nsLTP shows the highest level (79 %) of
sequence identity with rice nsLTP and the two
structures show r.m.s. deviation of 1.2 A for 91



272

Non-specific Lipid-transfer Protein

Figure 5 (legend opposite)

common C* atoms.!® However, the van der Waals
volume of the hydrophobic cavity in rice nsLTP is
much smaller than that of maize nsLTP;'® the
difference is ~260 A% Until now it has not been
possible to obtain crystals of rice nsLTP complexed
with hydrophobic ligands. Therefore our compari-
son of the complexed structures is limited to nsLTP
from barley, for which the sequence identity with
maize nsLTP is 54 %. The two structures that are
compared are the crystal structure of nsLTP(mai-
ze):palmitate complex (PDB code: 1mzm) and the
NMR structure of nsLTP(barley):palmitate complex
(PDB code: 1be2). The solution structures of the
nsLTP(barley):palmitate complex were averaged
for comparison. When the amino acid sequences of
nsLTPs from maize and barley are compared, the
maize sequence indicates two insertions (Alal and
GIn21). The insertion of GIn21 occurs in the loop
L1 between the two o-helices H1 and H2. Among
43 residues identical between maize and barley
nsLTPs, most of them are located on the protein
surface, except the seven (Ilell, Ilel5, Alals,
Asn37, Ala50, Val60, and Ile79 in maize) that are
buried. The overall structure of nsLTP(barley):
palmitate is very similar to that of nsLTP(maize):
palmitate. A superposition gives an overall r.m.s.
deviation of 2.25 A for 91 common C* atoms. The
comparison of the C* r.m.s. distances between
maize and barley nsLTPs as a function of residue
number shows large differences in two regions.
One of them is the region where the insertion of
GIn21 of the maize sequence occurs. This one-
residue insertion results in a large displacement
(over 4.0 A) of residues 22-24 with an r.m.s.
deviation of 4.84 A for their C* atoms. Another
region showing a large structural difference is the
C-terminal segment between residues 80 and 81,
with an rums. deviation of 4.40 A for two
C* atoms.

In the fatty acid complex structures of maize
nsLTP, most of the acyl chains are buried inside

the hydrophobic cavity, but the carboxylate group
is exposed. The flexibility of the side-chains lining
the hydrophobic cavity is the major contributor to
the structural plasticity of the cavity. This plasticity
allows a wide variety of ligands to bind in the cav-
ity. Two residues, Arg46 and Tyr81, located strate-
gically near one entrance to the hydrophobic
cavity, can possibly interact with the polar head of
the bound hydrophobic ligands. A comparison of
liganded structures of maize nsLTP with the unli-
ganded structure of rice nsLTP illuminates plaus-
ible roles of Arg46 and Tyr81. Tyr81 of liganded
maize nsLTP protrudes out of the cavity slightly
more in the unliganded state, allowing the OH
group of Tyr81 to contact the carboxylate group of
fatty acids when bound. The uncomplexed struc-
ture of rice nsLTP shows that Tyr79 (corresponding
to Tyr81 in maize) is collapsed into the cavity,
making its cavity considerably smaller than that of
maize nsLTP.'® This probably explains why it is
more difficult to grow crystals of rice nsLTP in
complex with hydrophobic ligands. The side-chain
of Arg44 in rice nsLTP swings down toward the
hydrophobic cavity and blocks the entrance to the
fatty acid binding cavity. However, the corre-
sponding residue (Arg46) of maize nsLTP is
stretched out toward the bulk solvent. It may also
play an important role in the opening and closing
of the entrance to the hydrophobic cavity for fatty
acid binding. Since the hydrophobic tunnel in
maize and barley nsLTPs is large enough to accom-
modate only a single acyl chain, the other chain of
a phospholipid would have to be exposed to the
solvent. In the nsLTP(maize):phosphatidylcholine
complex, we propose that Arg46 would contribute
to holding the head group of phosphatidylcholine
and that Arg46 and Tyr81 may be critical for the
phospholipid-transfer at the membrane.

In the wheat nsLTP:LMPC complex, there are
two lipids inserted head to tail from opposite ends
of the hydrophobic cavity.? Thus, the hydrophobic
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Figure 5. (a) Stereoview of a F, — F_. omit electron density map of nsLTP:oleate showing two conformations for the
carboxylate tail. The map was contoured at the 3 o level and displayed by using the SETOR program.** The coordi-
nates of this region were omitted and the protein coordinates were refined by SHELXL-97% before the phase calcu-
lation. (b) A LIGPLOT representation of the two different oleate-binding interactions.
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cavity is divided into site 1 and site 2. There are
two distinct differences between the maize and
wheat nsLTP cavities that explain why maize
nsLTP binds only a single fatty acid. In maize, the
side-chain of Ile83 blocks part of what would be
called site 1 and Ilel5 blocks part of what would
be called site 2. It is impossible to insert two ali-
phatic chains in the cavity for this reason unless
accompanied by a large conformational change. So
far, we have no evidence of such conformational
changes in any of our 1:1-1.5:1 (lipid: protein)
structures. Perhaps with a higher lipid:protein
ratio, such as that used in the wheat complex (4:1),
a conformational change may occur and accommo-
date the binding of two acyl chains. Further exper-
iments with a higher ratio of fatty acids may
clarify this discrepancy.

The crystal structure of human serum albumin
(HSA) in complex (PDB code: 1bj5) with five mol-
ecules of myristate has been determined.” The pro-
tein is largely a-helical and has an unusually large
number of disulfide bonds. It has three repeating
domains, I-III, each of which contains two sub-
domains (A and B) that share common helical
motifs. Each sub-domain of HSA is about the same
size as plant nsLTPs. Despite the lack of any sig-
nificant sequence similarity between HSA and
plant nsLTPs, it appears that, at least for some of
the myristate binding sites of HSA, the underlying
structural principles for their shared function, i.e.
non-specific binding of hydrophobic ligands such
as fatty acids, are intriguingly similar. The first
three o-helices from each sub-domain of HSA cor-
respond approximately to the first three o-helices,
H1-H3, of plant nsLTPs. The fourth long a-helix at
the C terminus of the HSA sub-domain, however,
lies on the same side as the N terminus, whereas
helix H4 and the winding C-terminal loop in plant
nsLTPs are positioned on the opposite side from
the N terminus. Notwithstanding this difference,
the hydrophobic binding pockets are formed
between o-helices in both HSA and plant nsLTPs
(Figure 6). The five myristate binding sites in HSA,
though not identical with each other, share some
features in common. The methylene tail of the fatty
acid is accommodated within a deep hydrophobic
cavity, while the carboxylate moiety interacts with
two or three, basic (Arg or Lys) or polar (Tyr or
Ser) residues. The orientations of two myristate
moieties (Myrl and Myr5) are inverted. In
addition, no myristate molecule is bound to sub-
domain IIB, because the hydrophobic tunnel is
severely constricted at the center by aromatic side-
chains, and the end of the tunnel corresponding to
the myristate carboxylate binding site is occluded
by a short helix.?” A similar binding mode of phos-
phatidylcholine was found in human bactericidal/
permeability-increasing protein (BPI; PDB code:
1bpl), a member of the lipopolysaccharide-binding
and lipid-transport protein family. In this BPI-
phosphatidylcholine complex, both acyl chains of
phosphotidylcholine are buried inside the hydro-
phobic cavity and the head group is exposed to the

Figure 6. Comparisons of nsLTP:myristate with
human serum albumin (HSA) in complex with myristate
moieties. Insight II v97.5 (Molecular Simulations, Inc.)
was used for the display. The three domains of HSA
bind five myristate moieties; four are shown here, myrl,
myr3, myr4, and myr5.

solvent, interacting with nearby Arg432 and
Tyr455.2% The phosphorus oxygen (O2P) atom of
the head group is hydrogen bonded with the NH2
group of Arg432 as well as the OH group of
Tyr455 in the complex. A similar nsLTP interaction
with an Arg46 outside the binding cavity occurs in
the nsLTP:oleate complex reported here.

Biological implications of multiple binding
modes of caprate and oleate

The two different conformations of oleate exhibit
reasonable hydrophobic interactions as well as
hydrogen bonding of the carboxyl head groups,
implying that both conformations are bound
equally well and have good transfer activity in sol-
ution. It also suggests that both oleate confor-
mations have a binding affinity similar to other
fatty acids. Like oleate, the two alternate confor-
mations of caprate have similar binding affinities
to each other. However, fewer hydrophobic inter-
actions and the absence of a hydrogen bond
between the carboxyl head group of caprate and
the protein suggest that both alternate confor-
mations have a lower affinity than other fatty acids
for maize nsLTP.

The observation of multiple binding modes is
rare in most enzyme-ligand complexes. Whereas in
the case of enzyme-substrate interactions binding
geometry must be precise in order for catalysis to
occur, nsLTPs are not constrained by -catalytic
requirements. Their biological role is to transfer
lipids. Apparently multiple binding modes are one
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Table 3a. Crystallization conditions and unit cell parameters
Crystallization condition Crystal size Unit cell parameter
Ligand in reservoir solution (mm) (ab,c, A0, B, v, °) Space group
None 100 mM Hepes & 1.2 M 0.7%x0.4x0.3 a=24.46, b=49.97, c=69.99, P2,2,2,
trisodium citrate (pH 8.4) a=B=y=90
Capric acid C10:0 3.3 M Na formate & 10% 0.2x0.15x0.1 a=24.75, b=49.87, c=69.42, P2,2,2,
(v/v) glycerol a=Pp=y=90
Lauric acid C12:0 4.2 M Na formate & 0.2 M 0.1x0.2x0.3 a=24.82, b=49.68, c=69.60, P2,2,2,
potassium cyanide a=P=y=90
Mpyristic acid C14:0 4.2 M Na formate 0.1x0.25x0.3 a=24.75, b=49.47, c=69.62, P2,2,2,
a:B:y:QO
Palmitic acid C16:0 3.4 M Na formate 0.2x0.25x0.8 a=24.80, b=49.60, c=70.10, P2,2,2,
a=Pp=y=90
Palmitoleic acid C16:1,9 4.5 M Na formate & 0.1 M 0.1x0.2x0.3 a=24.79, b=49.79, c=69.45, P2,2,2,
lithium sulfate a=B=y=90
Stearic acid C18:0 5.0 M Na formate 0.3x0.2x0.1 1=24.81, b=50.00, c=69.53, P2,2,2,
o(:B:y:9O
Oleic acid C18:1, 9 3.6-4.8 M Na formate 0.3x0.2x0.3 1=24.68, b=49.72, c=69.20, P2,2,2,
cx:B:'y:90
(at synchrotron radiation)
Linolenic acid C18:3, 4.4 M Na formate & 0.1 M 0.15%x0.2x0.3 a=25.04, b=50.36, c=69.47, P2,2,2,
9,12,15 benzene sulfonic acid a=B=y=90
Ricinoleic acid C18:1,9, 5.0 M Na formate 0.2x0.2x0.35 a=24.81, b=49.88, c=69.41, P2,2,2,
12-OH a=P=y=90
Table 3b. Data collection statistics
Resolution No. of total No. of unique Ryym Completeness
(A) observations reflections (%) (%)
Capric acid C10:0 1.76 23,393 8379 29 89.2
Lauric acid C12:0 1.76 23,095 8570 44 91.4
Myristic acid C14:0 1.76 21,620 8516 4.2 92.0
Palmitoleic acid C16:1, 9 1.69 22,830 9248 2.6 92.2
Stearic acid C18:0 1.66 24,039 9510 4.0 90.4
Oleic acid C18:1, 9 1.30 93,324 18,062 5.7 75.7
Linolenic acid C18:3, 9,12,15 1.80 18,547 6996 47 92.6
Ricinoleic acid C18:1, 9, 12-OH 1.65 21,681 8002 29 82.7

means by which nsLTPs have evolved to bind and
transport lipids.

Materials and Methods

Protein purification and crystallization

The procedures for the purification and crystallization
of nsLTP from maize seedlings have been described.”
The crystallization of maize nsLTP, both uncomplexed
and in complex with various ligands, was performed
essentially as above, except that each ligand was present
in the hanging drop in various molar ratios (1-1.5:1),
sodium formate was used as the precipitant, and addi-
tives were included for some ligands. The bound ligands
are C10 to C18 saturated or unsaturated fatty acids. The
optimum crystallization condition had to be fine-tuned
for each of the complexes (Table 3(a)) because their solu-
bility properties showed some variation. This suggests
that the surface characteristics of the complexes are not
exactly identical.

The complex crystals were grown from sodium for-
mate. Despite much effort, the complex crystals could
not be grown using the original citrate conditions
reported for uncomplexed crystals.?’ The optimum crys-
tallization conditions varied from one ligand to another.
The concentration of sodium formate ranged between

3.3M and 5.0 M for complexes with different ligands.
The crystals of complexed nsLTP were isomorphous
with the uncomplexed crystal with similar unit cell par-
ameters in the space group P2,2,2,. The crystallization
conditions and unit cell parameters are summarized in
Table 3(a).

Data collection

Most sets of X-ray data were collected at 20°C on a
FAST TV-area detector (Enraf-Nonius) using the
MADNES software® with monochromatic CuKo X-rays
from a rotating anode generator (Rigaku RU-200). The
reflection intensities were obtained by a profile-fitting
procedure® and the data were scaled by a Fourier scal-
ing program.*> The synchrotron data from nsLTP
(uncomplexed and oleate complex) were collected at
14°C using a Weissenberg camera for macromolecular
crystallography at the BL-6A2 experimental station of
the Photon Factory, Tsukuba, Japan.®> The wavelength of
the X-rays used was 1.000 A and a 0.1 mm collimator
was used. A Fuji image plate (type BAIIL
20 cm x 40 cm) was placed at a distance of 273 mm
from the crystal. The oscillation range per image plate
was 5.0° with a speed of 2.0°/second and a coupling
constant of 1.0°/mm for the a-axis rotation, and 4.5°
with a speed of 2.0°/second and a coupling constant of
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Table 4a. Refinement statistics using the data from the FAST area detector (in house)

No. of solvent

molecules r.m.s. deviation
No. of No. of
Resolution  No. of protein ligand  R-factor bond bond
Ligand range A) refls atoms water formate atoms  (Rg.) (%) length A) angle (°)
Capric acid C10:0 8.0-1.8 7436 625 59 1 12 214 (24.1) 0.016 1.77
Lauric acid C12:0 8.0-1.8 7638 625 63 2 14 19.5 (21.1) 0.014 1.63
Myristic acid C14:0 8.0-1.8 7670 625 93 1 16 19.1 (19.7)  0.015 1.70
Palmitic acid C16:0 8.0-1.78 7314 625 68 1 18 171 (17.7)  0.013 1.72
Palmitoleic acid C16:1, 9 8.0-1.8 8241 625 54 1 18 20.0 (23.6) 0.013 1.60
Stearic acid C18:0 8.0-1.8 7961 625 70 3 20 20.0 (20.8) 0.014 1.73
Linolenic acid C18:3, 9,12,15 8.0-1.9 6390 625 68 2 20 20.7 (27.4)  0.015 1.70
Ricinoleic acid C18:1, 9, 12-OH 8.0-1.9 6686 625 73 1 20 20.5 (27.4) 0.014 1.60
Table 4b. Refinement statistics using the data from synchrotron radiation at the Photon Factory
r.m.s.
No. of solvent molecules deviation
No. of
Resolution protein No. of ligand  R-factor ~ bond length bond angle
Ligand range (A) No. of refls atoms water formate atoms (Riree) (%) (A) ©)
Oleic acid 8.0-1.3 13,391 625 121 3 22 13.5 (18.8) 0.009 2.20
C18:1,9

1.8°/mm for the c-axis rotation. An overlap of 0.5° was
allowed between two contiguous image plates. The
diffraction patterns recorded on the image plates were
digitized by a Fuji BA100 scanner. The raw data were
processed using the program WEIS.>* Table 3(b) gives
a summary of the data collection and data-reduction
parameters.

Structure solution, refinement, and analysis

Each model of the complexed protein was refined
independently of the others in order to avoid bias from
the previous models. The model of the uncomplexed
maize nsLTP (PDB code: 1mzl) was subject to rigid-body
refinement followed by positional refinement, simulated
annealing refinement, and B-factor refinement using the
program X-PLOR.*® When the R-factor reached below
25 %, both (2F, — F,) and (F, — F.) omit maps were calcu-
lated to model the bound fatty acids in the hydrophobic
cavity. The graphics programs CHAIN,*® running on a
Silicon Graphics Indigo2 Extreme workstation, and O,*”
running on a Dec Alpha CompaQ, were used. After fit-
ting each ligand model into the electron density, the
complexed structure was further refined using X-PLOR.
For the 1.3 A synchrotron data of the nsLTP:oleate com-
plex, an anisotropic temperature refinement (Table 4(b))
was carried out using SHELXL-97.% All the models have
been refined against X-ray diffraction data extending to
either 1.8-1.9 A or 1.3 A to reasonable R-factors with
good stereochemistry. All the models have favorable
backbone conformational angles; all non-glycine residues
are in favorable regions of the Ramanchandran plot as
indicated by PROCHECK.* The refinement statistics are
listed in Table 4. The van der Waals volume of the
hydrophobic cavity was calculated using VOIDOO?,
after removing the bound ligands from the models of
complexed structures. Cavity volumes for ten different
orientations were averaged. For structure comparisons,

solution structures determined by NMR were averaged
by the program MOLMOL.*°

Protein Data Bank accession numbers

Coordinates for the refined models and structure fac-
tors have been deposited with the Protein Data Bank
(accession codes: 1fk0 for nsLTP:caprate, 1fkl for
nsLTP:laurate, 1fk2 for nsLTP:myristate, 1fk3 for
nsLTP:palmitoleate, 1fk4 for nsLTP:stearate, 1fk5 for
nsLTP:oleate, 1fk6 for nsLTP:linoleneate, and 1fk7 for
nsLTP:ricinoleate).
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