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Abstract

Screening of transfer DNA (tDNA) tagged lines of Arabidopsis thaliana for mutants defective in systemic
acquired resistance led to the characterization of dir/-1 (defective in induced resistance [systemic acquired
resistance, SAR]) mutant. It has been suggested that the protein encoded by the dir/ gene, i.e., DIRI, is
involved in the long distance signaling associated with SAR. DIR1 displays the cysteine signature of lipid
transfer proteins, suggesting that the systemic signal could be lipid molecules. However, previous studies have
shown that this signature is not sufficient to define a lipid transfer protein, i.e., a protein capable of binding
lipids. In this context, the lipid binding properties and the structure of a DIR1-lipid complex were both
determined by fluorescence and X-ray diffraction. DIR1 is able to bind with high affinity two monoacylated
phospholipids (dissociation constant in the nanomolar range), mainly lysophosphatidyl cholines, side-by-side
in a large internal tunnel. Although DIR1 shares some structural and lipid binding properties with plant LTP2,
it displays some specific features that define DIR1 as a new type of plant lipid transfer protein. The signaling
function associated with DIR1 may be related to a specific lipid transport that needs to be characterized and to
an additional mechanism of recognition by a putative receptor, as the structure displays on the surface the
characteristic PxxP structural motif reminiscent of SH3 domain signaling pathways.
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Upon interactions with pathogens (virus, fungi, bacteria,
etc.) a succession of events takes place in the plant cell.
Hypersensitive response (HR) is a widespread mechanism
used by hosts to prevent pathogen invasion. HR is mainly
a localized plant cell death (necrosis) at the site of
infection. The uninfected tissues of the plant undergoing
HR are frequently more resistant to infections associ-
ated with stronger pathogens (Sticher et al. 1997). This
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increased tolerance to pathogens (or systemic acquired
resistance, SAR) results, in planta, from a complex
stimulation of defense mechanisms. SAR is long lasting
and requires a signal transmission from the infected tis-
sues toward healthy cells whose chemical nature remains
to be characterized. By screening transfer DNA (tDNA)
tagged lines of Arabidopsis thaliana for mutants defective
in SAR, the dirl-1 mutant (defective in induced resis-
tance) was isolated (Maldonado et al. 2002). Dirl-1 exhi-
bits wild-type local resistance to avirulent Pseudomonas
syringae but was unable to develop SAR. This suggested
that the protein encoded by the dirl gene, i.e., DIR1, was
involved in the long distance signaling associated with
SAR. Interestingly, DIR1 displays the cysteine signature
of the lipid transfer protein (LTP) family. LTPs are
ubiquitous lipid-binding proteins from plants. LTPs can
be divided into two multigenic families, LTP1 (~90
amino acids long) and LTP2 (~70 amino acids long).
LTPs have been associated in many developmental and
stress response processes, but their precise function is still
unknown. They have been involved in the mobilization of
storage lipids (Edqvist and Farbos 2002), the formation of
cuticles (Sterk et al. 1991; Hollenbach et al. 1997), pollen
tube adhesion (Chae et al. 2007), cell wall loosening
(Nieuwland et al. 2005), antimicrobial activity and
response to cold and wounding stress (Pearce et al.
1998; Yubero-Serrano et al. 2003), as well as to microbial
invasions (Molina et al. 1993). Besides, LTPs have been
described as ubiquitous allergens (Marion et al. 2004).
LTPs were also demonstrated to share a number of
structural similarities with oomycetous elicitins and to
compete for the same plasma membrane receptors (Buhot
et al. 2001; Blein et al. 2002).

LTP1 fold is characterized by a bundle of four to five
helices stabilized by four disulfide bridges, partly wrap-
ped by a long C-terminal segment. The consensus motif
of eight cysteine residues engaged in four disulfide
bridges is usually considered as the typical LTP signature.
The overall structure delimits a large central hydrophobic
cavity, which is able to bind long fatty acid chains. Most
of the putative functions of LTPs are related to their
ability to bind lipids in their hydrophobic cavity (Maldonado
et al. 2002; Buhot et al. 2004; Nieuwland et al. 2005). The
folding of LTP2 proteins is related to that of LTP1 with,
however, drastic changes in their central hydrophobic
cavity. These modifications are induced by a move at the
C-terminal segment, revealing the plasticity of the lipid-
binding site. The three-dimensional structures of several
LTP1 from grains of wheat (Gincel et al. 1994; Charvolin
et al. 1999; Tassin-Moindrot et al. 2000), rice (Lee et al.
1998), maize (Shin et al. 1995; Gomar et al. 1996; Han
et al. 2001), barley (Heinemann et al. 1996; Lerche et al.
1997), from flower organs of tobacco (Da Silva et al. 2005),
and from peach fruit (Pasquato et al. 2006) have been

determined in their uncomplexed and lipid-complexed
forms by either solution NMR or X-ray diffraction meth-
ods. In contrast, only two structures of LTP2 are available,
the first one from wheat in complex with a lipid (NMR,
[Pons et al. 2003]; X-ray diffraction, [Hoh et al. 2005]), the
second one from an unliganded structure from rice (Samuel
et al. 2002).

DIRI1, which comprises 77 amino acids and displays
the characteristic cysteine signature, has a low sequence
identity with the two LTP2, the structure of which was
already determined (vide infra). DIR1 exhibits an acidic
pl of 4.25 whereas most of the LTPs are basic proteins.
However, the presence of both the LTP-type cysteine
signature and a LTP-like fold is also shared by proteins
that are unable to bind lipids as revealed by three-
dimensional studies and in vitro lipid-binding analyses
(Baud et al. 1993; Tassin et al. 1998).

It has been suggested that DIR1 interacts with a lipid
derived molecule to promote long distance signaling in
A. thaliana (Maldonado et al. 2002). To understand how
DIR1 could play its role at the molecular level in long
distance signaling, we have analyzed the affinity of DIR1
for lipids by fluorescence spectroscopy and determined
its three-dimensional structure complexed to lipids.

Results and Discussion

Lipid binding

To probe the lipid—protein interaction, lysophosphatidyl
cholines (LPC) were used with various fatty acid chain
lengths. Lysophosphatidyl cholines, as model lipids, were
compared with previous data obtained on plant LTPls
(Douliez et al. 2000a). Actually, these amphiphilic lipids,
forming micelles in an aqueous environment, are also
efficient to initiate crystallization of LTPs as they mimic
natural phospholipids (Charvolin et al. 1999). In an aqueous
environment, fluorescence emission of the DIR1 tryptophan
51 residue (Fig. 1) displays a maximum wavelength
centered at 350 nm. When the protein binds lysophospho-
lipids, this maximum is only slightly shifted to 345 nm.
Therefore, the Trp 51 environment is not expected to change
drastically. However, the fluorescence intensity of this
residue is highly sensitive to the lipid binding with an
increase of up to 200%-250% at saturation that was
attributed to a decrease of the fluorescence quenching, itself
formerly related to a decrease in mobility of the fluorescent
probe. Longer fatty acid chain lengths are more efficient to
alleviate tryptophan quenching than short ones with LPC-
18>LPC-16>LPC-14, (Fig. 2). This implies that mobility of
Trp 51 becomes constrained by the presence of lipids. A
similar effect was previously observed for the fluorescence
of tyrosine in LTP1s (Douliez et al. 2000b). Fitting of the
titration curves, i.e., fluorescence intensity at 345 nm versus
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Figure 1. Amino acid sequence alignment of DIRI and plant ns-LTP1 (fop) and LTP2 (bottom) of known three-dimensional structure. The different
sequences are labeled after their PDB identification code for LTP1s: IBWO, wheat; 1JTB, barley; 1FKO0, maize; 1RZL, rice; 1T12, tobacco; 2ALG, peach;
1STY, mung bean. For LTP2s, codes are: NLTX_ORYSA (swissprot|P83210) or 1L6H (PDB) for rice; NL22_WHEAT (swissprot|P82901) or 1TUK (PDB)
for wheat; NLT2_PRUAR for Prunus armeniaca (swissprot|P82353), and NLT2_MAIZE for maize (swissprot|P83506). The amino acids are numbered
according to the sequence of DIR1. The numbers of the SS bonds are reported below alignments. In the case of LTP1s, two loops must be deleted to fit the

sequences correctly.

the lipid-protein molar ratio, using a noncooperative binding
model with identical and independent binding sites provides
the dissociation constant (K,;) and the number of lipid
binding sites (Table 1). From these results, DIR1 displays
higher affinities (nanomolar range) than LTP1s (micromolar
range) for lysophospholipids with a chain length >14 carbon
atoms and could bind up to two lipids. No lipid-binding data
are available for LTP2s, but a study on the complex between
rice LTP2 and sterol provided a K; ~ 70 uM (Cheng et al.
2004). The lipid-binding properties of DIR1 led us to select
lysoPC C18 as the best ligand for crystallization, since it
was the most efficient to constrain tryptophan mobility, and,
by extension, the protein dynamics.

From a functional standpoint, Maldonado and col-
leagues showed that overexpression of DIR1 could not
induce SAR without a pathogen infection (Maldonado
et al. 2002). Based on homology of the amino acid
sequence of DIR1 with those of LTPs, these authors
suggested that SAR would require the formation of a
complex between DIR1 and a lipid molecule generated
from pathogen infection. Herein, we demonstrate that
DIRI is actually able to bind lipids as LTP1s do, but with
a higher affinity in the case of monoacylated lipids.
Interestingly, such lipids are released on the action of
secreted lipases following a pathogen attack, and as such
could play a role in defense signaling (Jirage et al. 1999).

X-ray structure of the (1:2) DIRI
lysostearoylphosphatidyl choline complex

The final model of the lipid—protein complex contains the
complete 77 amino acid protein chain, two lipid mole-
cules, two zinc atoms, and 124 water molecules (Fig. 3).

1524 Protein Science, vol. 17

The Cter end presents a loop (residues 71-76) less
ordered than the core of the structure with larger B
factors than the rest of the protein. Alternate conforma-
tions could be clearly modeled for 17 residues. One of
the two zinc atoms (Zn 2) has also been modeled in two
alternate positions. The two C;g (stearoyl) chains of the
lipid molecules are clearly defined in the density map.
They run parallel to each other with their polar choline
heads being located into the solvent area.

The three-dimensional model of DIR1 follows the general
LTP fold with five a-helices connected by four disulfide
bonds arranged in a super helical pattern around a central
tunnel-shaped cavity. After an elongated N-terminal seg-
ment followed by a turn, the DIRI structure begins with a
long a-helix (al). Three residues in 3/10-helix conforma-
tion complete this first a-helix. Between the ol and o2

Fluorescence intensity
F-Fo 345nm

AT B A A B L L 5 L 5

300 320 340 360 380 400 420 440 o o5 1 15 2 25 3
Wavelength (nm) lipid-protein ratio Ri

Figure 2. (A) Fluorescence emission spectra of DIR1 with increasing

amounts of lysoPC c¢218. (B) Increase of fluorescence intensity (F — Fo)

at 345 nm vs. lipid-protein molar ratio: A, lysoPC C18; @, lysoPC C16;

O, lysoPC Cl14.
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Table 1. Dissociation constants (Kgq, WM) and number of sites
(n) for binding of lysophosphatidyl cholines to DIRI
and wheat LTP1

LysoPC C14 LysoPC C16 LysoPC C18
DIR1 K4 03 +0.2 0.03 = 0.01 0.06 = 0.02
n 1.5 = 0.1 1.6 = 0.0 12 0.0
LTP1 wheat" Ky 0.4 0.7 0.7
n 1.6 1.7 1.7

“Data from Douliez et al. (2000b).

helices, the chain is folded in a 3-turn followed by a 5-
amino acid long poly-proline type II helix (PPII) left-handed
helix (Stapley and Creamer 1999). The core of the molecule
forms a left-handed super helical arrangement of four a-
helices (a2, o3, a4, a5) building the hydrophobic central
cavity. The C-terminal segment has no defined secondary
structure, except for the last residue, Cys 77, which is
involved in a disulfide bond. The four disulfide bridges (Cys
5—Cys 42, Cys 15-Cys 31, Cys 32-Cys 69, Cys 44-Cys 77),
with the first and the last bridges being side by side, are
reminiscent of a LTP2-type fold (Douliez et al. 2000a).

The two Zn™™ ions, the presence of which was compul-
sory in the crystallization process, act as cross-linkers
between two symmetry-related molecules. Each of the
two zinc ions exhibits a tetrahedral coordination, involving
residues from two different molecules in the packing. Zn 1
is coordinated with N and O from Ala 1, a water molecule
and O381 from Asp 58 of a symmetry-related protein. The
second zinc (Zn 2) is found in two alternate positions 50:50
and coordinated with Glu 11, Asp 39%, and His 37.

The volume of the large central cavity is 242 A3, as
calculated with VOIDOO (Fig. 4; Kleywegt and Jones
1994) after removing the two lipids. The internal cavity is
fully lined by hydrophobic residues: Ile 2, Leu 4, Leu 12,
Val 19, Leu 35, Phe 40, Leu 43, Tyr 46 (the hydrophobic
part of the aromatic ring), Leu 52, Phe 55, Val 57, Phe 62,
Leu 65, and to some extent Trp 51. Some polar residues are
located around the large tunnel entrance (Gln 9, Asn 13,
Lys 16), guiding the two lipid heads toward the external
solvent area. At the other end, the cavity is closed by three
proline residues (Pro 59, Pro 66, and Pro 75) and by the Cys
44-Cys 77 bridge. The nonpolar ends (C18) of the two LPC
molecules are completely buried within the protein.

DIRI: LTPI or LTP2 fold?

As mentioned previously, the two families of lipid trans-
fer proteins LTP1 and LTP2 differ by their molecular
weight (9 kDa and 7 kDa, respectively), and by their
disulfide bond patterns (Douliez et al. 2001). In DIR1, the
four cysteine pairs, Cys 5-Cys 42, Cys 15-Cys 31, Cys
32-Cys 69, Cys 44-Cys 77, reveal a side-by-side con-

nectivity for the central motif C 42-X-C 44, which is
typical of the LTP2 family. In addition, with 77 amino
acids, the length of DIRI is also closer to LTP2s (70 aa)
than to LTPIs (90 aa). The DIRI1 three-dimensional
structure has been further compared with all available
structures of LTP2 proteins (Table 2A,B; Samuel et al.
2002; Pons et al. 2003; Hoh et al. 2005). Despite the small
number of known structures, a large discrepancy between
similar proteins is noticed, e.g., the difference between
the solution (1N98) and crystal structure (ITUK) of the
wheat LTP2 is unusually large (RMSD 2.55 A). In this
context, the differences between the DIR1 and the LTP2
structures are not surprising. When the structure of DIR1
is compared with plant LTP1 proteins (Lerche et al. 1997;
Lee et al. 1998; Charvolin et al. 1999; Han et al. 2001; Da
Silva et al. 2005; Lin et al. 2005; Pasquato et al. 2006),
even though LTPI structures show smaller RMS differ-
ences within the family than LTP2s—particularly when
considering cereal LTP1 proteins—the RMS differences
between main-chain atoms of DIR1 and LTPls still
remain >4 A. DIRI seems thus farther from LTPls than
LTP2s. Therefore, DIR1 belongs to the LTP2 family
rather than LTP1, although being somewhat atypical by
its longer sequence and an unusual acidic pI of 4.25.
Structural comparison of DIR1 cavity with known struc-
tures of LTP2 highlights sharp contrasts. First, the position
of the two octadecyl chains of LPCs is fully extended and,
running side-by-side and parallel to each other from the
bottom of the cavity to the entrance, has essentially van der
Waals contact to the walls (the shortest distance being 3.3 A
between Asn 13-N82 and LPC 1-O1A, at the entrance of the
cavity) of DIRI1. In the X-ray structure of wheat LTP2 (Hoh
et al. 2005) the two L-a-palmitoyl-phosphatidyl-glycerol

‘ Nterm
N

Figure 3. Overall structure of DIR1. The five helices are labeled, the four
disulfide bridges are represented as gray junctions, the zinc ions are
denoted as blue spheres, and the two lipids (lyso stearoylphosphatidyl
choline) located inside the central cavity are in yellow.
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Figure 4. Delineation of the central lipid cavity in DIRI. The two lipid
molecules are drawn as gray sticks. The cavity runs at 45° with respect to
the five lining helices.

(LPG) moieties are located in two different compartments of
the cavity built by a hydrophobic lining of the three residues
Leu 7, Ile 14, and Leu 28. The two lipids are oriented tail-
to-tail and only partially buried into the core of the protein.
Besides, in the NMR structure of the same wheat LTP2
protein (PDB code IN89; [Pons et al. 2003]), only one
molecule of LPG occupies the long continuous tunnel-
shaped central part of the cavity. In DIR1, the central tunnel
is large enough to accommodate two parallel lipid mole-
cules. When superimposing the structures of DIRI and
wheat LTP2 structures, one of the two LPCs of DIR1 can
be superimposed to the two partial LPC moieties of 1TUK
(Hoh et al. 2005). In the DIRI1 sequence, the three corre-
sponding residues of the inner wall are Leu 12, Val 19, and
Leu 35, respectively. When superimposing DIR1 and wheat
LTP2 X-ray structures, Leu 35 (wheat LTP2) exactly super-
imposes on Leu 28 (DIR1); this is also the case for the pair
Ile 14/Val 19. The main difference comes from Leu 7/Leu 12
residues, which belong to the first helix in both 1TUK and
DIRT structures. In 1TUK, the 3/10 helix forms an angle of
~90° with the a1 helix, while in DIR1 the first a1 helix and
the second 3/10 helix are almost collinear. This opens widely
the central channel, allowing entry and room for two lipid
molecules. The displacement of the a4 helix of DIR1 toward
the outside, with respect to the wheat LTP2 structure, also
contributes to enlarge the cavity of DIRI.

A putative recognition motif

It has been shown that LTPs bind to high affinity sites of
tobacco plasmalemma, which also interact with elicitin
(Buhot et al. 2001, 2004). These small cysteine-rich
proteins secreted by Phytophtora and Pythium Oomycetes
share some structural properties with LTP and trigger a
hypersensitive response and SAR in tobacco plants

1526 Protein Science, vol. 17

(Ponchet et al. 1999). The initial step of the plant
response is the formation of a sterol-elicitin complex
(Osman et al. 2001). A number of biophysical methods
have shown that rice nsLTP2 can accommodate a planar
sterol molecule whereas rice nsLTP1 can only bind linear
fatty acids (Samuel et al. 2002; Cheng et al. 2004). The
authors hypothesized that such a sterol/LTP2 complex
could interact with the plant membrane receptor to induce
plant defense response. However, lipid-binding studies
indicated that DIR1 was unable to bind dihydroergosterol
in vitro (data not shown). In addition, whatever the
method used (soaking or co-crystallization), no crystal-
lization of a sterol-DIR1 complex was obtained, unlike
elicitin (Lascombe et al. 2002; Rodrigues et al. 2006).
Nevertheless, a functional loading of DIR1 by another
lipid molecule cannot be ruled out as observed in tobacco
where a LTP1/jasmonate complex is required to induce
plant protection (Buhot et al. 2004).

It is worth noting that two regions of DIR1 are folded in
PPIIs: the five residue segment Pro 24 to Ser 28, located in
the long loop between helices al and a2, and the four
residues Leu 71 to Ala 74 in the C-terminal end after the o5
helix. The left-handed PPIIs are composed of residues
whose ¢ and ¢ angle values are about —75° and 145°,
respectively (Stapley and Creamer 1999). Short PxxP pro-
line motifs can be found in LTPs structures, in particular in
wheat LTP2 (1TUK), where one motif is located in the loop
between the two ol and a2 helices and the other in the

Table 2. RMS differences (A°) between the coordinates of
equivalent main-chain atoms of DIRI and LTP1 protein
structures, labeled with their PDB code

(A)
DIRlI IBWO 1CZ2 1FKO 1JTB IRZL 1SIY 1T12 1ALG

DIR1 425 445 461 476 432 547 518 58I
IBWO 4.25 219 132 269 177 180 1.66 341
1CZ2 445 219 229 289 217 256 206 3.72
IFKO 4.61 132 229 311 145 1.60 196 3.44
HTB 476 269 289 3.11 285 277 297 3.95
IRZL 432 1.77 217 145 285 205 1.82 3.56
ISIY 547 180 256 1.60 277 205 2.17  3.37
IT12 518 166 206 196 297 182 217 3.69

2ALG 5.81 341 372 344 395 356 347 3.69

(B) Same for the three known members of the LTP2 family

DIR1 ITUK  IN89  1L6H
DIR1 3.56 3.98 5.36
ITUK 3.56 2.55 3.92
IN89 3.98 2.55 4.10

1L6H 5.36 3.92 4.10

The three-dimensional structures have been superimposed in pairs (matrix
representation), using all structurally equivalent residues, excluding
insertion and deletion zones.
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C-terminal region, in a similar way to DIR1. Nevertheless,
the PxxPxxP (Pro 24 to Pro 30) recognition motif is unique
in DIR1 and is not observed in any other LTP2 sequence.

Comparison of the structure and lipid-binding proper-
ties of DIR1 with those of LTPs shows that DIR1 differs
from LTP2 and represents a new type of lipid transfer
protein. This was confirmed by a BLAST in the EST data
banks of different plant species that returned DIR1-like
putative proteins or putative LTP2 by starting from the
DIR1 and from cereal (wheat and rice) seed LTP2,
respectively. The corresponding phylogenetic tree con-
structed from the sequence alignments reveals that DIR1
and seed LTP2 fall in two different protein families
(Fig. 5). The putative DIRI1-like proteins from other
plants that are recovered from BLAST in EST data banks
do not highlight a similar PxxPxxP motif but still display
high proline content that is not highlighted in proteins
homologous to seed LTP2 (Fig. 5). It is noteworthy that
proline-rich regions are involved in protein—protein inter-
actions (Williamson 1994). They can interact with vari-
ous protein domains and, among them, the Src homology
3 domain (SH3), frequently involved in the cell signaling
pathway (Li 2005). The two PPII regions in DIR1 are
located at the surface of the protein and fully accessible to
the solvent (see Supplemental material). Thus, these two
regions can be considered as putative candidates for the
docking of a partner protein in a signaling function.

In summary, the complexation of DIR1 with stearoyl
derivatives has been analyzed, and the structure of the
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complex determined by X-ray diffraction. The polypeptide
chain folds in a structure reminiscent of the LTP2 family
but displays a number of unique features, such as a large
flexible cavity that can bind with high affinity two
molecules of long-chain fatty acid derivatives, an acidic
pl that makes DIR1 unique in the LTP family, a character-
istic PxxPxxP motif on the surface that could be, upon lipid
binding, a major structural determinant in the signaling
functions of this new type of lipid transfer protein.

Materials and Methods

Expression and purification of DIRI

Cloning and expressing the DIR1 protein in yeast Pichia
pastoris have been reported (Lascombe et al. 2006). DIR1 was
purified using the following method: The Pichia pastoris culture
supernatant was first concentrated and desalted on an adsorption
resin (XAD7 resin, Amberlite). The protein was then eluted
using an acetonitrile gradient. It was finally purified by reverse
phase chromatography and freeze-dried for storage. The homo-
geneity and the purity were checked by mass spectroscopy.

Lipid binding by intrinsic tryptophan
fluorescence spectroscopy

Tryptophan fluorescence emission spectra of DIR1 were recorded
at 25°C with a Fluoromax steady-state spectrofluorometer (Spex-
Jobin-Yvon). Excitation and emission wavelengths were set at 295
and 335 nm (slits 5 nm). Lysophosphatidyl cholines (from Sigma-
Aldrich) were used without further purification. A concentrated

DIR1 NPTS-PSQP
TC176447 L.esculentum NPVE-PSAS
TC101541 M.truncatula YPAK-PSTE
TC61952 V.vinifera SPVD-PSPE
TC178950 L.esculentum YPTA-PTAQ
TC140342 H.vulgare DPQPAPSEA
-TC68147 S.officinarum
TC102579 S.bicolor TC145854 B.vulgaris NPTENPSAE
TC309420 O.sativa NPADTPSSE
TC300537 A.thaliana NPPS-PIKE
TC177569 L.esculentum TC74659 Populus sp. DPPQKPNSE
TC9809 N.tabacum
TC73211 Populus.sp TC153537 S.tuberosum KPPK-PTPD
TC12744 Nfabacum 1177898 I,.esculentum RPPK-PTPD
04187 Gannu, TC4340  C.annuum KPPP-PTPA

TC178090 L.esculentum
TC9776 N.tabacum

TC74659 Populus.sp

TG22465 H.annuus

TC300537 A.thaliana

TC59788 PRabies TC3020 S.cereale

TC326384 O.sativa

TC104524 S.bicolor

Figure 5. (Left panel) Phylogenetic tree constructed from CLUSTAL alignment (PHYLIP software) of DIR1-like and seed LTP2-like
proteins recovered from BLAST in EST data banks of different plant species (http://compbio.dfci.harvard.edu/tgi/). (Right panel) Alignment
of the proline-rich domains of DIR1 and DIR1-like plant proteins recovered from BLAST in EST data banks of different plant species.
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lipid solution was prepared in absolute ethanol in order to have an
ethanol concentration <5% at the end of titration. Titration curves
were fitted using a noncooperative binding model assuming
independent and identical sites as detailed in Dubreil et al. (1997).

Crystallization of DIRI

After being incubated with LPC as a putative ligand, in 1.5/1.0
(mol ligand/mol protein) ratio, the mixture was set to crystallize
using the vapor diffusion technique in hanging drops. The best
crystals were obtained by mixing 1 pL of the protein solution
(20 mg/mL in 0.08 M sodium acetate buffer, pH 6.0) with 1 pL
of the reservoir solution (20%-25% PEG 550 monomethy] ether,
0.02 M ZnSOy, and 0.1 M MES buffer, pH 6.5). Bipyramidal
crystals of ~0.2 mm were obtained within a month (Lascombe
et al. 2006). In the absence of LPC, no crystal can be produced.

X-ray data collection and processing

Diffraction data were collected at the ESRF synchrotron facility,
Grenoble (France). The crystals were flash-cooled in liquid
nitrogen without any additional cryoprotection and were
recorded at 100 K in a stream of gaseous nitrogen. As the
presence of zinc sulfate was compulsory in the crystal forma-
tion, we expected the Zn™" ions in the crystal lattice, and data
were recorded at the zinc absorption edge in order to benefit the
anomalous scattering signal. Three data sets were collected

Table 3. DIRI/LPCI18 complex: Refinement statistics

Resolution range (A) 15-1.6
R-factor (%)* 18.94 (20.1)
R-free factor (%)° 25.18 (27.9)
Total number of 10,254
reflections
Number of reflections 9839
used in refinement
Number of reflections 496
used in Rfree®
Completeness (%) 99.5
Number of protein atoms 665
Number of lipid atoms 61
Number of zinc ions 2
Number of water 124
molecules
Average B-factors (Az) for
All atoms 38.25
Protein main-chain 34.39
atoms
Protein side-chain 36.49
atoms
Zinc atoms 25.49
Lipid atoms 58.40
Water molecules 44.04
Weighted RMSD from ideality for
Bond distances (1&) 0.02
Bond angles (°) 2.23

Values in parentheses refer to the outer resolution shell.

“The crystallographic R-factor is defined as R = X||Fo| — |Fc||/Z|Fol.

" Calculated using 4.8% of the native data, which were randomly chosen
and excluded from the refinement.
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using the same crystal up to 1.9 A resolution on the ID29
beamline operating an ADSC Q315R detector, at the three
energies corresponding to the peak (f' max), the inflexion (f’
max) of the Zn K-edge, and at a remote wavelength (Lascombe
et al. 2006). These data sets were used for phase determination.
A second crystal allowed us to collect a native data set at a
higher resolution (1.6 A) on the ID14-EH1 beamline with an
ADSC Q210 detector, which was used for refinement purposes.
All data sets were reduced using the integrating program
MOSFLM (Leslie 1999), merged with SCALA and put on an
absolute scale with TRUNCATE, all from the CCP4 program
suite (Collaborative Computational Project, Number 4 1994).
The crystals belong to the orthorhombic P2,2,2; space group
with cell parameters: a = 28.65 A b =4822 A, c = 5441 A,
The unit cell volume of 75,171 A3 suggests the presence of one
molecule per asymmetric unit, with a Matthews coefficient of
2.3 A%/Dalton and a solvent content of 46.9%.

Structure determination, model building, and refinements

The structure was solved using the multiple anomalous dis-
persion of the zinc atom near its K absorption edge (Zn-MAD).
After formatting the data collected at the ' peak with XPREP
(Bruker 1997), the programs SHELXD and SHELXE (Schneider
and Sheldrick 2002) were used to determine and refine the
substructure of the zinc atoms. Three positions were clearly
found, one fully occupied and the two other positions partially
occupied. This protocol also allowed us to choose the correct
hand of the structure. The SHARP package (de La Fortelle and
Bricogne 1997; Bricogne et al. 2003) was then run, following
the MAD protocol using the three data sets collected at 1.9 A
resolution. The ARP/Warp (Perrakis et al. 1999) procedure
allowed tracing 69 out of the 77 amino acids of the polypeptide
chain. The first electron density map revealed the presence of
two lipid (LPC) molecules in the central cavity of the protein.

The final completion and adjustments of the model were
performed in O (Jones et al. 1991) based on |2Fo — Fc| and
|[Fo — Fc| maps, at 1.9 A resolution. Least squared restrained
refinements of the structure were performed with REFMACS
(Murshudov et al. 1997; Winn et al. 2001) in conjunction with
the graphic program COOT (Emsley and Cowtan 2004) using
the high-resolution data at 1.6 A resolution. After the last cycle
of refinement, the R-factor was 18.9% for the 9863 unique
reflections in the 15.0-1.6 A resolution range. The free R-factor
was 25.2% for 4.8% of the data. The distribution of the 62 non-
proline and non-glycine residues in a (¢, V) Ramachandran plot
reveals that 95.2% of the residues fall in the most favorable
regions and the rest in the additional allowed regions. The final
refinement statistics and stereochemical parameters of the
model are reported in Table 3.

Cavity calculations were performed using the VOIDOO
program (Kleywegt and Jones 1994) with a 1.4 A diameter for
the accessibility probe, and the figures were drawn using
PyMOL from DeLano Software. The structure alignments
(Fig. 1) were generated with ESPript (Gouet et al. 2003) using
the DIRI1 structure as a reference for secondary structure
elements. The coordinates and structure factors are deposited
with the PDB ID code 2RKN.

Electronic supplemental material

Three additional figures include: initial electron density (X-ray
determination), the zinc atom disordered in the structure, and a
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van der Waals surface of the protein showing the location of the
polyproline motifs.
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