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Background: The movement of lipids between mem-
branes is aided by lipid-transfer proteins (LTPs). Some
LTPs exhibit broad specificity, transferring many classes
of lipids, and are termed non-specific LTPs (ns-LTPs).
Despite their apparently similar mode of action, no
sequence homology exists between mammalian and plant
ns-LTPs and no three-dimensional structure has been
reported for any plant ns-LTP.

Results: We have determined the crystal structure of
ns-LTP from maize seedlings by multiple isomorphous
replacement and refined the structure to 1.9 A resolu-
tion. The protein comprises a single compact domain
with four a-helices and a long C-terminal region. The
eight conserved cysteines form four disulfide bridges
(assigned as Cys4—Cys52, Cys14-Cys29, Cys30-Cys75,

and Cys50—Cys89) resolving the ambiguity that remained
from the chemical determination of pairings in the hom-
ologous protein from castor bean. Two of the bonds,
Cys4—Cys52 and Cys50—Cys89, differ from what would
have been predicted from sequence alignment with soy-
bean hydrophobic protein. The complex between maize
ns-LTP and hexadecanoate (palmitate) has also been
crystallized and its structure refined to 1.8 A resolution.
Conclusions: The fold of maize ns-LTP places it in a
new category of all-a-type structure, first described for
soybean hydrophobic protein. In the absence of a bound
ligand, the protein has a tunnel-like hydrophobic cavity,
which is large enough to accommodate a long fatty acyl
chain. In the structure of the complex with palmitate, most
of the acyl chain is buried inside this hydrophobic cavity.
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Introduction

Lipid-transfer proteins (LTPs), responsible in part for the
movement of phospholipids, glycolipids, fatty acids and
sterols between membranes, are widely distributed
among eukaryotic and prokaryotic cells [1]. Some of
these proteins show narrow substrate specificities,
whereas others are non-specific [2]. The amino acid
sequences of several non-specific lipid-transfer proteins
(ns-LTPs) from animal and plant sources have been
reported [3—7]. The mammalian ns-LTPs have in general
a molecular weight of 12—-14 kDa and a pI in the range
8.6-9.6, except for the rat hepatoma ns-LTP, which has
an acidic pI [8].

Despite their apparently similar mode of action, plant
ns-LTPs have a smaller molecular weight (~9 kDa) and
exhibit no sequence homology with mammalian
ns-LTPs. However, sequence similarity among plant
ns-LTPs is high and they have in general eight conserved
cysteine residues, which form four disulfide bonds [9].
The sequences of several small plant proteins including
amylase inhibitor I-2 from the seeds of ragi, Indian finger
millet [9,10], and probable amylase/protease inhibitors
from barley and rice [11,12] are also similar to those of
ns-LTPs. The sequence identity between the maize
ns-LTP and barley protein is ~52% and that between the
maize and ragi proteins 67% [9]. As plant ns-LTPs also
bind strongly to fatty acids and acyl-coenzyme A

(acyl-CoA), they have been proposed to function as fatty
acid and acyl-CoA binding proteins [13—16]. A defensive
role for plant ns-LTPs against bacterial and fungal
pathogens has also been proposed [17].

The tertiary structure of plant ns-LTPs was proposed to
consist of mainly B-sheets on the basis of primary se-
quences of several ns-LTPs [6]. However, recent studies of
wheat ns-LTP by NMR [18], infrared and Raman spec-
troscopy [7] showed that the polypeptide chain appears to
be organized mainly as helical segments connected by
disulfide bridges and that the helical structure is essential
for the transfer activity. However, no three-dimensional
structure of any plant ns-LTP has been reported.

Ns-LTP from maize seedlings is a small basic protein
consisting of 93 amino acid residues with a molecular
weight of 9055 Da [6]. It transfers phospholipids such
as phosphatidylcholine, phosphatidylethanolamine and
phosphatidylinositol in vitro [6]. The crystallization and
preliminary X-ray crystallographic characterization of
this protein have been reported [19]. Here, we present
the structure of uncomplexed maize ns-LTP, which
has been determined by the multiple isomorphous
replacement (MIR) method of X-ray crystallography
and refined against 1.9 A data. We also report the struc-
ture of ns-LTP in complex with palmitate, refined at
1.8 A resolution.
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Results and discussion

Overall structure of uncomplexed ns-LTP

The present model of uncomplexed maize ns-LTP has
been refined at 1.9 A to an R-factor of 19.9% (no sigma
cutoff), with root mean square (rms) deviations from
ideality of 0.016 A and 1.98° for bond lengths and bond
angles, respectively. Therefore, the overall structure is
highly reliable. However, six residues (Alal, Ile2, GIn21,
Gly22, Ile79 and Pro80) are only poorly defined by the
electron~density maps. The maize ns-LTP is composed
of a single compact domain with approximate dimen-
sions of 37 Ax26 Ax23 A, as shown in Fig. 1la. A Ca
trace of the polypeptide backbone is shown in Fig. 1b.
For the convenience of discussion, the structure may be
divided into three segments, the first comprising four
o-helices [H1 (residues 4-18), H2 (residues 27-39), H3
(residues 43-58), H4 (residues 65-75)]; the second
including three short loops connecting these a-helices
[L1 (residues 19-26), L2 (residues 40-42), L3 (residues
59—64)]; and the third being the long C-terminal region
(residues 76-93) (Fig. 1a). The protein lacks any
B-structure and nearly two-thirds of its residues are
found in a-helices. Thus it should be classified as an
all-a structure [20]. Its folding pattern is, however, dis-
tinctive among a-helical globular proteins, with the fold
belonging to a new category, first discovered in a
hydrophobic protein from soybean (HPS) [21,22].
Previously, a tentative tertiary structure model of maize

ns-LTP was proposed that consisted mainly of B-sheets
[6], but this is clearly wrong. The present assignment of
a-helices in maize ns-LTP in the crystalline state agrees
in the main with the result of an NMR study of wheat
ns-LTPs in solution {18].

The first a-helix (H1) is significantly bent at the Pro13
residue and can be divided into two parts, Hla and H1b
comprising two turns and one turn respectively (Fig. 1a).
The NMR study on wheat ns-LTP also indicated a bend
at Pro13. The last helix (H4) is also slightly bent by the
presence of Pro72 at the beginning of the last turn
(Fig. 1a). The long C-terminal region contains one turn
of 3,,-helix, residues 89-91 (Figs 1a and 1b).

Disulfide bonds

Two clusters of disulfide bonds are located on the two
opposing sides of the structure (Fig. 2a). Both N-termi-
nal and C-terminal regions of the protein are linked to
the long a-helix, helix H3, by a pair of disulfide bonds,
Cys4—-Cys52 and Cys50—Cys89 (Fig. 2a). The other pair,
Cys14-Cys29 and Cys30—Cys75, link the ends of
o-helices H1b and H4 to the N terminus of another
long a-helix, helix H2. This assignment of four disulfide
bridges on the basis of the refined X-ray structure not
only confirms the previous chemical determination on a
homologous ns-LTP from castor bean [4], but also
resolves the ambiguity which remained. Two disulfide

Fig. 1. (a) Stereo ribbon diagram of
maize non-specific lipid-transfer protein
(ns-LTP) (drawn with MOLSCRIPT [47]).
The N and C termini are indicated as
are eight basic and two acidic residues.
Secondary structure was assigned with
PROCHECK [48]. (b) Stereo drawing of
the Ca trace of maize ns-LTP. Every
tenth residue is labeled and the seg-
ments in the structure are colored as fol-
lows: N-terminal region and H1, red;
L1, orange; H2, yellow; L2, pale green;
H3, green; L3, dark green; H4, cyan;
C-terminal region, dark blue.
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bonds, Cys4—Cys52 and Cys50-Cys89, agree with the
previous chemical determination on castor bean ns-LTP
[4], but the exact pairing between Cys29, Cys30 and
Cys14, Cys75 was not known [4]. The present assign-
ment of Cys14—-Cys29 and Cys30-Cys75, as shown in
Fig. 2b, resolves the ambiguity and is also consistent with
the observation of nuclear Overhauser effects in the
NMR study of wheat ns-LTP [18]. However, the pair-
ings Cys4—Cys52 and Cys50—Cys89 differ from what
might have been predicted on the basis of an alignment
of the conserved cysteine residues in HPS and maize
ns-LTP [21] (Fig. 3).

Distribution of polar and non-polar residues in the
uncomplexed structure

Maize ns-LTP has three negative and nine positive
charges at neutral pH. Besides the charges of the N-ter-
minal amino and C-terminal carboxylate groups, there
are two aspartates (Asp45, Asp88), six arginines (Argl9,
Arg34, Argdl, Argd6, Argd7, Arg91), and two lysines
(Lys54, Lys74). All three negative charges are located on
one side of the protein (Fig. 4). Two positively charged
residues, Argl9 and Arg41, are poorly conserved in pro-
teins of similar sequence. The electron densities of the
charged groups are well defined except for the N-termi-
nal amino group and side-chain atoms of three of
the arginines (Argl9, Arg41, Arg91). Except for Arg91,

all the charged groups are involved in either salt bridges
or hydrogen bonds within a single polypeptide chain.
The N-terminal amino group interacts with Asp45
(Alal N...O82 Asp45:3.8A) and the C-terminal aspar-
agine interacts with Arg46 (Arg46Nm2...081 Asn93:
2.4 A). The following strong or weak hydrogen-bond
interactions between the positively charged residues and
the backbone carbonyl oxygen atoms provide further
stabilization for the tertiary fold: (Argl9 Nm2...0
Gly59: 3.6 A), (Arg34Nm2...0  Cys75: 2.6 Ay,
(Arg34Nm2...0 Gly76: 3.6 A), (Argd7 Nm2...0 Ser90:
3.8 A), (Argd7 Nm2...0 Val92: 3.3 A) and (Lys54
N{...O Thr87: 2.8 A). There is also a hydrogen bond
between the side chain of Lys74 and the Tyr17 hydroxyl
(Lys74 N{...Om Tyr17: 3.0 A). Other intramolecular
hydrogen-bond interactions involving charged residues
are as follows: (Argdl Nm1...O Asn38: 2.7 A) and
(Asp88 0O82...0y Ser90: 3.5 A). It is interesting to note
that the distribution of the charges on the surface of the
maize ns-LTP structure is highly non-uniform (Fig. 4).
The charges are clustered around the C terminus, except
for Argl9 (which is not well conserved),
and Arg34 and Lys74 (which are clustered near the N
terminus of the long C-terminal region) (Fig. 4). The
uneven charge distribution may contribute to the attrac-
tion of the negatively charged groups in fatty acids and
phospholipids (Fig. 5).

Fig. 2. (a) Stereo diagram showing four
disulfide bridges viewed along the axis
of a-helix H3. Sulfur atoms are colored
yellow. (Drawn with MOLSCRIPT [47].)
(b) Stereo diagram of the 2FF
map around the Cys14-Cys29 ané
Cys30-Cys75 disulfide bridges. The
map is calculated using all reflections
between 8 A and 1.9 A and contoured
at 1.5¢. (Figure drawn using the
program CHAIN {49].)
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Fig. 3. Comparison of disulfide bridge patterns and secondary structures of maize ns-LTP (a) and hydrophobic protein from soybean (b).
H, a-helix; G, 3,,-helix; S, B-strand; L, loop.

All of the side chains in 28 neutral polar residues
(asparagine, glutamine, serine and threonine) are located
on the protein surface. Two tyrosines (Tyrl7 and Tyr81)
are half-exposed (Fig. 4). The terminal oxygen atom of
Tyrl7 points towards the bulk solvent, whereas the side
chain of Tyr81 points into a solvent channel in its vicin-
ity. Among the 10 glycines in this protein, five are con-
tained within the two loops (L1 and L3). The side-chain
atoms of 35 hydrophobic residues (alanine, waline,
isoleucine, leucine and proline) are largely buried inside
the protein (Fig. 4), defining the surface of a tunnel-like
hydrophobic cavity, as discussed below.

The tunnel-like hydrophobic cavity and the binding of fatty
acids

One of the most interesting features in the structure of
uncomplexed maize ns-LTP is the presénce of a tunnel-
like hydrophobic cavity, which runs through the protein,
from one end near residue Ala40, to the other near

Fig. 4. Stereo diagram showing the
amino acid distribution in uncomplexed
maize ns-LTP. Basic residues (Arg, Lys)
are colored cyan; acidic residues (Asp),
red; neutral polar residues (Asn, Gln,
Gly, Ser, Thr), orange; Tyr, white;
hydrophobic residues (Ala, lle, Leu, Pro,
Val), pink; Cys, yellow.

Ala18. The tumnel-like hydrophobic cavity has an
approximate diameter of 5 A and a length of 15 A as
defined by the van der Waals surface of the tunnel atoms.
This hydrophobic cavity is somewhat curved. Its length is
sufficient to accommodate ~12 carbon atoms in a single
acyl chain of long fatty acids. Roughly speaking, the tun-
nel is formed by placing part of the long C-terminal
region (residues 77-83) over the hydrophobic channel,
whose hydrophobic surface is provided by the buried
side-chain atoms of the four amphipathic a-helices, H1
to H4. The C-terminal region does not cover the
hydrophobic channel completely, so there is a small gap
(~2 A wide and 12 A long), in which five water mol-
ecules are bound to the backbone atoms by a network of
hydrogen bonds.

All ordered water molecules are found on the surface
of the molecule and there is no evidence from the elec-
tron density for any ordered water molecules inside the
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Fig. 5. Electrostatic potential map calculated for the uncom-
plexed maize ns-LTP. The DELPHI program (Biosym, San Diego,
California, USA) was used to calculate an approximate solution
to the linearized Poisson-Boltzmann equation. Only formal pro-
tein charges were included in the calculation. Positive (cyan) and
negative (red) contours in the potential are evaluated at +2 kT/e~
and -2 kT/e™, respectively.

hydrophobic cavity. The tunnel-like hydrophobic cavity
of the uncomplexed ns-LTP is probably filled with
disordered solvent molecules, as it is difficult to have an
evacuated volume of this magnitude inside a protein.
Hence the present structure of uncomplexed maize
ns-LTP does not have a tightly packed hydrophobic core,
which is typically found in many globular, water-soluble
proteins. It seems that the disulfide bonds and charge
interactions including hydrogen bonds, as discussed
above, play important roles in maintaining the tertiary
structure of this protein in the absence of a bound ligand.
Because of the presence of the tunnel-like hydrophobic
cavity, the interactions among hydrophobic side chains of
the four a-helices are either absent or rather limited.
No interaction exists between the hydrophobic side
chains of two a-helices in the pairs H4—H1 and H4-H3,
and one interaction is present in the helical pairs H4—H2
(Ile71 Cy1...Cy2 Val33: 4.0 A) and H2-H3 (Leu53
C81...C32 Leu36: 4.2 A). A few hydrophobic side-chain
interactions exist between the two a-helices in the heli-
cal pairs H1-H2 [(Val7 C¥y2...C81 Leu36: 3.7 A), (Alat0
CB...Cd1 Leu36: 4.4 A), (Ile11 C31...Cy2 Val33: 3.7 A)]
and H1-H3 [(Val7 Cy1...C32 Leu53: 3.5 A), (llell
Cy1...C82 Leu53: 3.9 A)].

The majority of the residues in this protein (at least 75%)
seem to be indispensable for maintaining the shape of the
hydrophobic cavity. Therefore, the present structure of
maize ns-LTP provides an excellent example of a highly
economical protein design for a given function. The
inner surface of the hydrophobic cavity is formed by the

side-chain carbon atoms of the following amino acid
residues: Ile11, Ser14, Ile15 and Alal8 of helix H1;
Val33, Leu36 of helix H2; Ala40 of loop L2; Ala49,
Leu53, Ala56 and Ala57 of helix H3; Val60 and Leu63 of
loop L3; Ala68, lle71 and Pro72 of helix H4 and Val77,
lle79 and Ile83 in the C-terminal region. The B-factors
of residues 78-81 are the highest (Fig. 6a), with the
exception of the two N-terminal residues, which show
only weak electron density and are probably disordered.
The apparent flexibility of the region from 78-81,
together with its location near the wider mouth (see
below) of the tunnel-like hydrophobic cavity suggests a
possible role in binding and subsequent release of fatty
acids and phospholipids.

If the hydrophobic cavity is viewed as roughly tunnel-
shaped, one end of the hydrophobic tunnel, near Ala40,
has an opening ~5 A in diameter and this can conceiv-
ably be a part of the entrance or exit for the acyl chain of
fatty acids or phospholipids. Some of the polar and
charged residues in the vicinity of this tunnel opening
can make favorable interactions with the polar moieties
of fatty acids or phospholipids. On the other hand, the
other end of the tunnel, near Alal8, has a narrower
opening with a diameter of ~3 A and only non-polar
residues are found nearby. It is unlikely that this end

@)

B-factor (&%)

(b)

B-factor (A?)

Fig. 6. B-factor plot of maize ns-LTP. (a) Uncomplexed and
(b) complexed models. Average B-factors for the main-chain
atoms (solid lines) and side-chain atoms (dashed lines) in the
uncomplexed model are 19.1 A2 and 23.5 A2, respectively.
Those in the complexed model are 12.7 A2 and 18.0 A2.
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serves as the main entrance or exit for the fatty acyl chain
because it has a narrower aperture and seems to have
only a limited flexibility, as suggested by the low B-fac-
tors (residues 83-85 and 57-68; see Fig. 6a). A narrow
gap, ~2 A wide and 12 A long, between a part of the
C-terminal region and the a-helix H4 could possibly
play a role in binding and releasing of a fatty acid. It is
also conceivable that a conformational change involving
the movement of the flexible region (residues 78-81) and
a rearrangement of structural elements could occur dur-
ing the binding and releasing of fatty acid.

Small plant proteins having similar molecular weights and
pl values to maize ns-LTP have been shown to bind
strongly to fatty acids and acyl-CoA, whereas only weak
binding of phosphatidylcholine was observed [14,15]. A
dissociation constant of 3.5x10™® M has been reported for
the binding of oleic acid by an LTP-like basic protein
from oat [13]. A 1:1 stoichiometry of binding of fatty acid
by a plant ns-LTP was indicated by the previous biochem-
ical data [15,16]. Neither the binding stoichiometry nor
the binding constant for any phospholipid has been
reported in the literature. The volume of the hydrophobic
cavity, which is only loosely defined, is estimated to be
~300 A3 by the program VOIDOO [23], whereas that of
the 12-carbon hydrocarbon chain is 215 A3, The discrep-
ancy is explained by the fact that the surface of the
hydrophobic cavity is not exactly complementary to the
molecular surface of the hydrocarbon chain, as revealed by
the structure of the complex with palmitate (see below).

Binding of palmitate and structural changes in ns-LTP

In order to provide a more detailed picture of the inter-
actions between the bound ligand and protein, the struc-
ture of maize ns-LTP in complex with palmitate has been
refined at 1.78 A resolution to an R-factor of 19.3%
(no sigma cutoff) with rms deviations from ideality of

0.016 A and 1.78° for bond lengths and bond angles,
respectively. All 93 residues in the complex model are
well defined in the electron-density maps, except for
side-chain atoms of GIn21, Arg41l and Arg91. Average
B-factors of the complex structure are somewhat lower
than that of the uncomplexed model (Fig. 6b). The
model of the complex with the bound ligand and some
solvent molecules is shown in Fig. 7a and the CPK
model of ns-LTP with the bound palmitate is presented
in Fig. 7b. The overall fold of the complex with palmi-
tate (shown in white in Fig. 7a) is identical to that of the
uncomplexed structure (cyan in Fig. 7a), and the two
structures show only small differences, except in a few
places (Fig. 7a). A comparison of the two structures gives
an rms difference of 0.79 A for all 625 atoms in the 93
residues (Fig. 8). For 372 main-chain atoms the rms dif-
ference is 0.54 A and for 253 side-chain atoms it is
0.96 A. Other than the two N-terminal residues, which
are probably disordered and thus poorly defined in the
uncomplexed model, the residues exhibiting rms differ-
ences >1.0 A are in the C-terminal region, between
residues 79 and 85 (Fig. 8).

The shift of the backbone in the C-terminal region
results in a slight swelling of the tunnel-like hydrophobic
cavity in the complex structure (Fig. 7a). The B-factors
in this region are very high in the uncomplexed structure
relative to the complexed structure (compare Fig. 6a and
Fig. 6b). In agreement with this, the two residues Ile79
and Pro80, which are only poorly defined in the uncom-
plexed model, show well defined electron densities in the
complexed model. The side-chain atoms of three
isoleucine residues (Ilet1, Ile79 and Ile83) which define
the surface of the tunnel-like hydrophobic cavity show
large rms differences, above 2.3 A (Fig. 8). In the
complex structure, these side-chain atoms are displaced
from the hydrophobic cavity so that the acyl chain of

Fig. 7. (a) Stereo diagram showing the structural comparison of maize ns-LTP in the presence and absence of palmitate. The backbone
trace of uncomplexed (cyan) and complexed (white) proteins are shown overlaid. The bound palmitate is shown in green for carbon
atoms and red for oxygen atoms. Seven ordered water molecules, which are located in the gap between a part of the C-terminal region
and the helix H4, are shown as red spheres. (b) CPK representation of maize ns-LTP in complex with palmitate. Palmitate is colored
green and amino acid residues are colored according to type as in Fig. 4.
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Fig. 8. Comparison of uncomplexed and complexed ns-LTP
structures. Rms differences for the main-chain atoms (solid lines)
and side-chain atoms (dashed lines) of each residue are plotted.

palmitate fits comfortably inside the hydrophobic cavity
without bad contacts. The following hydrophobic
residues contribute to the interaction of the fatty acid tail
with the protein: Ile1l, Ile15 and Alal8 of helix H1;
Val33 and Leu36 of helix H2; Ala40 of loop L2; Ala49
and Leu53 of helix H3; Val60 of loop L3; Ile71 and
Pro72 of helix H4; and Val77 and Ile 79 in the C-termi-
nal region (Table 1). Other residues that contribute to
the surface of the tunnel-like hydrophobic cavity do not
make close contacts with the fatty acid, because the sur-
face of the hydrophobic cavity is not smooth. A small,
elongated gap between the C-terminal region and the
o-helix H4 is clearly seen in Fig. 7b. In this gap, seven
water molecules are bound to the backbone atoms by a
network of hydrogen bonds (Fig. 7a), whereas only five
water molecules are seen in the corresponding gap of the
uncomplexed structure. In the complexed structure, one
of these waters, Sol117, is within 4.5 A of the hydro-
‘carbon chain of palmitate (Table 1).

The carboxylate group of the bound palmitate is exposed
to solvent, whereas ~12 carbon atoms in the tail of the
palmitate chain can be considered to be buried inside the
tunnel-like hydrophobic cavity (Figs 7a and 7b). Oxygen
atoms of the carboxylate group form hydrogen bonds
with the hydroxyl group of Tyr81 and two bound water
molecules (Sol152 and Sol197; see Table 1). Table 1 lists
the torsion angles of bound palmitate as well as the tem-
perature factors for each atom. Comparison with the
uncomplexed structure reveals that there are six more
ordered water molecules in the region around the car-
boxylate group of palmitate in the complex. The hydro-
carbon chain of the bound palmitate is bent at two
places: between atoms C7 and C8 and between atoms
C2 and C4. In contrast, fatty acids in complex with
human muscle fatty acid binding proteins are more
severely bent and adopt a U-shaped conformation [24].

Because the tunnel-like hydrophobic cavity is only large
enough to accommodate a single acyl chain, binding of a

Table 1. Conformation of bound palmitate and its interaction with side
chains and solvent.
Atom Torsion Bond Refined Side chains and solvent
angle length  B-factors molecules located within
) (A) (A2) 4.5 A of palmitate
Oel 36.9 R46, 179, P80, Y81,
Sol152, Sol196, Sol197
Oe2 336 R46, Y81, V92, Sol152
1 -179 1.53 321 R46, 179, Y81, Sol152, Sol197
C2 -84 1.54 32.4 N37, A40, R46, 179,
’ Sol174, Sol197
C3 —65 1.53 30.5 A40, R46, A49
C4 177 1.52 27.8 A49, L53, Y81
C5 -143 1.51 25.3 L36, N37, 179
Ceé 154 1.52 27.8 L36, L53
C7 62 1.53 25.4 V33, V77,179
c8 166 1.52 254 V33, P72, 179
9 -175 1.53 23.7 V33, 153
c10 -157 1.50 25.8 V33, P72
C1 149 1.51 259 111, V33, 171
Ci12 =170 1.53 30.5 171, Sol117
C13 174 1.53 35.9 m
C14 101 1.53 38.9 171, Sol117
C15 1.53 41.0 111
Cle 42.8 115, A18, V60

phospholipid with two fatty acyl chains will mean that
one will have to extend into the solvent, where it will be
free to adopt multiple conformations. Although this is a
thermodynamically unfavorable situation, a similar mode
of phospholipid binding has been proposed for Candida
rugosa lipase, which also has a hydrophobic tunnel [25].

Comparison with structurally or functionally related
proteins

To our knowledge, the structure of maize ns-LTP pre-
sents the second example of this novel pattern of protein
folding, first observed in the structure of HPS [21,22]. A
comparison of the amino acid sequences of maize
ns-LTP and HPS shows that 31 of the 80 residues
(38.8%) in HPS are identical to the corresponding
residues in the maize protein. Although the folding pat-
terns of the two proteins are similar, there are many sig-
nificant structural differences. In order to compare the
structures of uncomplexed maize ns-LTP and HPS, the
four disulfide bonds were initially superposed. The main-
chain atoms of 35 residues showing an average difference
<3.5 A were then superposed to obtain an rms difference
of 2.0 A for these atoms and of 4.3 A for main-chain
atoms of 72 residues (omitting the first eight residues of
HPS which are not present in the reported model [21]).
As discussed above, the eight conserved cysteine residues
show an interesting difference in the pairing of the disul-
fide bonds. The helix H1 in HPS is a 3, ,-helix, whereas
the equivalent portion of the maize protein is a-helical.
The C-terminal region of HPS contains a B-strand,
whereas the corresponding region in maize ns-LTP is the
flexible loop covering the hydrophobic channel and the
maize protein contains a 3;,-helix near its C terminus.
The most significant difference is the absence of a tun-
nel-like hydrophobic cavity in HPS, which has instead a
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wide cleft covered with hydrophobic residues. The
absence of a hydrophobic cavity in the structure of HPS
probably excludes the possibility of its binding fatty acids
or phospholipids. The biological function of HPS has yet
to be established.

Proteins which bind fatty acids or phospholipids and that
are functionally related to ns-LTP include animal facty
acid binding proteins [24,26-30], apolipoprotein from
Locusta migratoria [31], Escherichia coli acyl carrier protein
[32,33], bovine acyl-CoA binding protein [34], and
human Clara cell phospholipid-binding protein [35].
Maize ns-LTP shares neither primary sequence homol-
ogy nor tertiary structural homology with the above
mentioned classes of proteins. Animal fatty acid binding
proteins have PB-sheet structures and the fatty acid is
bound in a large interior cavity that also contains ordered
water molecules [29]. The others are a-helical proteins.
The crystal structure of apolipoprotein from Locusta
migratoria consists of five long antiparallel a-helices con-
nected by short loops and it has been proposed that a
large structural reorganization involving exposure of the
hydrophobic interior is necessary for its binding to a lipid
surface [31]. A similar conformational change seems
unlikely in our model of maize ns-LTP, unless at least
one of the two disulfide bonds, Cys30-Cys75 or
Cys50-Cys89, is broken. In E: coli acyl carrier protein,
an ester bond is formed between Ser36 and the carboxy-
late of fatty acid and it is plausible that the fatty acyl moi-
ety binds in the hydrophobic cavity formed by three long
helices [33]. In the structure of the complex between the
acyl-CoA binding protein and palmitoyl-CoA, the
palmitoyl part is shielded from the solvent by the polar
parts of the bound ligand [34]. Recently, the structure of
human Clara cell phospholipid-binding protein, in com-
plex with ligand, revealed that a whole molecule of
phospholipid is bound inside a large hydrophobic cavity
within the protein [35]. In contrast, the tunnel-like
hydrophobic cavity in maize ns-LTP is not large enough
to accommodate a whole phospholipid. It is plausible
that this interaction of moderate strength may facilitate
binding and release of phospholipids in the in vitro lipid-
transfer process aided by the ns-LTPs.

Biological implications

Numerous lipid-transfer proteins (LTPs) that
enhance the exchange or net transfer of lipids
between membrane vesicles have been isolated
from animals, plants and microorganisms. As
membrane biogenesis requires the transport of
lipids from their site of synthesis to other cell
membranes, LTPs presumably play a role in the
intracellular movement of lipids [2,8].

Plant non-specific lipid-transfer proteins (ns-LTPs)
are small basic proteins of ~9 kDa with four disul-
fide bonds. They mediate a net transfer of lipids
between donor and acceptor membranes in vitro
[8]. However, many questions remain unanswered

about their in vivo functions. The physiological
significance of their proposed role in transferring
lipids between intracellular membranes has
recently been brought into question. Spinach LTP
has been found to be present extracellularly and to
have a leader peptide sequence — a feature nor-
mally associated with secretory proteins [36].
There is growing experimental evidence to sug-
gest that plant ns-LTPs or LTP-like proteins may
play a role in a number of different biological
functions through their ability to bind and carry
lipophilic compounds. For example, an LTP-like
protein isolated from the surface wax of broccoli
[37] may be involved in the transport of the cutic-
ular components required for the biosynthesis of
the surface wax. Sterk et al. [38] proposed that car-
rot ns-LTP may be involved in the supply of cutin
monomers for cutin synthesis in the cuticular layer
of epidermal cells. It has been suggested that cas-
tor bean ns-LTP, through its enhancement of the
activity of acyl-coenzyme A (acyl-CoA) oxidase,
which catalyzes the rate-limiting step of B-oxida-
tion in peroxisomes, may play a regulatory role in
the degradation of storage lipids [16]. It has also
been suggested that plant ns-LTPs function as
fatty acid and acyl-CoA carrier proteins [13—16].
In maize and barley there is evidence that, in
combination with thionins, ns-LTPs protect leaves
against bacterial and fungal growth [17].

Here we report the first crystal structure of a plant
ns-LTP. The folding topology is similar to that of
hydrophobic protein from soybean [21]. However,
there are significant structural differences includ-
ing the disulfide pairing. The present structure of
ns-LTP from maize seedlings shows that the pro-
tein has a tunnel-like hydrophobic cavity that is
large enough to accommodate a single acyl chain
of long fatty acids. The fatty acid binding mode
has been revealed by the refined model of the pro-
tein in complex with palmitate, a putative ligand.
Thus this study provides a structural basis for
understanding the function of plant ns-LTPs in
relation to the transfer and binding of acyl chains,
be they part of phospholipids, fatty acids, acyl-
CoA, or other acyl group-containing molecules
such as cutin monomers.

Materials and methods

Protein purification and crystallization

Crystallization and preliminary X-ray data of uncomplexed
maize ns-LTP have been reported [19]. For the uncomplexed
structure, neither a fatty acid nor a phospholipid has been inten-
tionally included in the crystallization experiments. The crystal
belongs to the orthorhombic space group P2,2,2; with unit cell
dimensions a=24.46 A, b=49.97 A and ¢=69.99 A. There is
one protein molecule in the asymmetric unit. For the complex
structure, crystallization was performed as above, except that
dipalmitoyl phosphatidylcholine (8 mM) was included in the
hanging drop and the concentration of sodium formate in the
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reservoir solution was 3.4 M with a final pH of 8.30. The crys-
tal belongs to the same orthorhombic space group, P2,2,2,,
with similar unit cell dimensions, a=24.80 A, b=49.60 A and
¢=70.10 A. The refined model showed the electron density of
only one palmitate chain per protein molecule. Therefore, thin-
layer chromatography was performed to see if the dipalmitoyl
phosphatidylcholine was hydrolyzed under the crystallization
conditions. This analysis confirmed the bound ligand to be
palmitate instead of dipalmitoyl phosphatidylcholine.

X-ray data collection

X-ray data were collected on a FAST TV-area detector (Enraf-
Nonius), using the MADNES software [39]. Graphite-mono-
chromatized CuKa X-rays from a rotating anode generator
(Rigaku RU-200), running at 40 kV and 50 mA, were used
with a 0.3 mm focus cup and a 0.6 mm collimator. The reflec-
tion intensities were obtained by the profile-fitting procedure
of Kabsch [40] and the data were scaled by the Fourier scaling
program [41] (Table 2).

Structure determination

The structure of uncomplexed maize ns-LTP was determined
by multiple isomorphous replacement. Three-dimensional dif-
ference Patterson maps were calculated with 14-4 A data for
heavy-atom derivatives and were interpreted for heavy-atom
positions with the use of the program HASSP [42] in the
CCP4 package [43]. Parameters of heavy atoms were refined
and isomorphous replacement phases were calculated using
the program MLPHARE (Table 3). Minor heavy-atom sites
were located by calculating the cross-phase difference Fourier
maps. Some heavy-atom sites were shared among derivatives
(Table 3). Using nine derivatives, isomorphous differences
alone gave a figure-of-merit of 0.85 for 1899 unique reflec-
tions between 14 A and 3.0 A. The electron-density map cal-
culated with isomorphous replacement phases clearly showed
four a-helices and connecting loops. Inclusion of the deriva-
tive Pt11 (Tables 2 and 3) was necessary to obtain an inter-
pretable map. An initial model was built with the published
sequence of maize ns-LTP [6], using the graphics program
FRODO [44] running on a PS390 Graphics System (Evans
and Sutherland). The R-factor of the initial model was 49.7%

for 10-3.0 A data (no sigma cutoff). All refinement calcula-
tions were carried out using the program X-PLOR [45].
Initially, rigid-body refinements were carried out using
10-3.0 A data. Molecular dynamics was then initiated with an
energy-minimization procedure to remove bad contacts from
the model. After simulated annealing runs, which were per-
formed by the standard slow cooling protocol starting from
3000 K and cooling to 300 K, 120 cycles of energy minimiza-
tion were followed. Isotropic B-factors were initially set to
15 A2 and refined in the last stages. Between refinement
cycles, the model was rebuilt by manual inspection of the
2F —F_ Fourier maps. The refined model, accounting for 625
non-hydrogen atoms in all 93 amino acid residues as well as
52 ordered water molecules, has an R-factor of 19.9% for all
6930 unique reflections between 8.0 A and 1.9 A (no sigma
cutoff). The rms deviations from ideal bond lengths and bond
angles are 0.016 A and 1.98°, respectively. The mean posi-
tional error in atomic coordinates is estimated to be between
0.20 A and 0.25 A by the Luzzati plot [46]. None of the
main-chain dihedral angles of non-glycine residues falls out-
side the allowed regions of the Ramachandran plot. The plot
of B-factors against sequence number is given in Fig. 6a.
Average B-factors for the main-chain atoms, side-chain atoms
and solvent waters are 19.1 Az’ 23.5 A2 and 38.0 Az, respec-
tively. The waters with B-factors lower than 60 A2 have been
included. The four a-helices have B-factors generally lower
than other regions.

The refined model of uncomplexed maize ns-LTP excluding
solvent molecules was used as the starting model for the refine-
ment of the structure of ns-LTP in complex with palmitate.
Since the crystal of the palmitate complex was somewhat non-
isomorphous (Table 2), the following steps, along with model
rebuilding, were taken to produce the refined model: rigid-
body refinement, positional refinement, simulated annealing
refinement and inclusion of palmitate and solvent molecules.
The R-factor of the initial protein model was 46.1% for
10-3.0 A data (no sigma cutoff). The refined model, account-
ing for all residues, one molecule of palmitate, 68 ordered
water molecules, and one formate ion has an R-factor of
19.3% for all 7335 unique reflections between 8.0 A and

Table 2. Data collection and processing statistics.
Data set Derivative No. of reflections Resolution (A)  Completeness (%) Rmerge? (%) Riso? (%)
preparation
conditions Total (Unique)
Native (uncomplexed) 76774 (7765) 1.9 97.5 3.6
Hg(NO3); 70 mM x40 days 11687 (3892) 2.2 82.1 6.1 30.6
Hg(SCN), 3mMx 12 days 10798 (3823) 2.2 80.7 4.5 18.2
KoHgly 1 mMx9 days 10688  (3897) 2.2 82.2 5.6 18.0
TMLA 12 mMx 19 days 11674 (3939) 2.2 83.1 4.6 28.8
Ky0s04 10 mM x 58 days 11152 (3832) 2.2 81.1 4.4 17.8
Pt11 15 mMx 55 days 10492 (3697) 2.2 78.0 4.6 41.0
Na,PtClg 15 mMx 53 days 10980 (3790) 2.2 80.0 4.6 16.9
K3IrClg, 20mM x 18 days 11844 (3832) 2.2 82.3 39 14.1
IrCls 10 mM x 86 days 10646 (3816) 2.2 80.5 3.8 18.0
Native (complexed) 22364 (7449) 1.8 84.7 3.2 48.4
Abbreviations: TMLA, trimethyllead(ll) acetate (CH3)3;PbCOOCHj3; Pt11, diamminedinitroplatinum (IV) [Pt{NH3),(NO;),]Cl;. AR erge = ZhE; l(h)i—<l(h)>l/
ZpZilhy, where I(h) is the intensity of reflection h, X, is the sum over all reflections and Z; is the sum over the i measurements of reflection h.
bRiso = Zp|Fpr —Fpl/ZnFp, where Fp and Fpy are the native and derivative structure-factor amplitudes, respectively.
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Table 3. Statistics for multiple isomorphous replacement phasing.
Data set No. of Phasing Reyiis? Fractional coordinates Relative
sites  powerd occupancy
X Y VA
Hg(NO3), 3 2.0 0.50 0.972 0.441 0.041 1.00
0.622 0.439 0.161 0.27
0.798 0.559 0.174 0.23
Hg(SCN), 2 1.0 0.73 0.961 0.441 0.041 0.35
0.377 0.941 0.338 0.1
KyHgly 2 1.3 0.69 0.034 0.148 0.083 0.60
0970 0.656 0.383 0.31
TMLA 1 1.4 0.60 0.039 0.146 0.081 0.77
K,0s04 3 0.5 0.92 0.582 0.524 017 0.15
0.581 0.426 0.222 0.13
0.435 0.468 0.350 0.1
Pt11 3 0.8 0.84 0.445 0.495 0.350 1.00
0.380 0.478 0.485 0.19
0.538 0.577 0.479 0.16
NayPtClg 2 0.8 0.81 0.445 0.483 0.350 0.26
0.592 0.581 0.053 0.13
KslrClg 2 0.8 0.83 0.385 0.482 0.487 0.23
0.588 0.582 0.056 0.13
IrCls 3 09 0.76 0.388 0.482 0.487 0.27
0.591 0.583 0.055 0.21
0918 0.132 0.359 0.15
aPhasing power =Fyy(calc)/E, where Fyy(calc) is the calculated scattering ampli-
tude of the heavy-atom structure, and E is the estimated lack-of-closure error.
bReunis = Z)|Fpr 2 Fp|—Fr|/Z|Fpyy £ Fpl. Phasing power and Reyj;s are calculated
for 14-3.0A data.

1.78 A (no sigma cutoft). The rms deviations from ideal bond
lengths and bond angles are 0.016 A and 1.78°, respectively.
The mean positional error in atomic coordinates is estimated to
be ~0.2 A by the Luzzati plot [46]. None of the main-chain
dihedral angles of non-glycine residues falls outside the allowed
regions of the Ramachandran plot. Average B-factors are lower
than those for the uncomplexed structure: 2.7 A2 and 18.0 A?
for the main-chain and side-chain atoms, respectively (Fig. 6b).
As in the uncomplexed structure, the four a-helices in the
complexed structure have generally lower B-factors than other
regions. In addition, the N-terminal part of the C-terminal
region in the complex structure (residues 78-81) shows much
reduced B-factors, compared with the uncomplexed model
(Fig. 6). As in the uncomplexed structure, solvent waters with
B-factors lower than 60 A® have been included in the model
and their average B-factor is 31.0 A2,

The atomic coordinates (and structure factors) for the uncom-
plexed protein and for the protein in complex with palmitate
have been deposited with the Brookhaven Protein Data Bank
[tracking numbers T5918 (T5920) and T5919 (T5921),
respectively].
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