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Abstract

The crystal structure of the α-galactosyl binding Lyophyllum decastes lectin (LDL) was determined to

1.0 Å resolution by sulfur single-wavelength anomalous diffraction (SAD). The 10 kDa protein exhi-

bits no sequence similarity to any protein with known structure and adopts a unique lectin fold,

where a core of two antiparallel β-sheets at the heart of the homodimer is connected to the periphery

of the structure by intramolecular disulfide bridges. This fold suggests that LDL is secreted, which

sets it apart from other mushroom lectins. Structures of complexes between LDL and the ligands

α-methylgalactoside and globotriose shed light on the binding specificity. Sequence comparison

suggests a location and function of LDL and homologous proteins in or at the fungal cell wall. Struc-

tural comparison allows the identification of a superfamily of secreted proteins with the LDL fold,

which may play a role at the interface between fungi and their environment.
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Introduction

Lectins are proteins that specifically bind carbohydrates without catalyt-
ically modifying them. Structurally, lectins have been shown to belong to
a limited number of unrelated families, with carbohydrate specificities
varying substantially both between andwithin these families. Originally,
most lectins were isolated from plant sources, but with time, lectins have
been identified in all kingdoms of life. They participate in diverse bio-
logical processes where specific carbohydrate recognition is required,
for example, in cell adhesion, cell–cell interactions and carbohydrate
storage. Lectins also play an important role in biochemical and biomed-
ical research, as useful diagnostic tools and markers for a specific carbo-
hydrate (Van Damme et al. 1998). The search for lectins with novel
physical properties and ligand specificities is therefore continuing.
Also, the potential use of these carbohydrate-binding proteins as

anti-tumor, or anti-infection agents is under investigation (Van
Damme et al. 1998; Varrot et al. 2013).

Mushrooms and other fungi are comparatively less studied than
other organisms and have attracted interest as a source of biomole-
cules with interesting novel characteristics. With respect to mushroom
lectins, several structures have been published in the last few years,
which show a large variability both in specificity and 3D structure,
but belongmainly to previously described structural classes (Wimmer-
ova et al. 2003; Walser et al. 2004; Birck et al. 2004; Carrizo et al.
2005; Ban et al. 2005; Mancheño et al. 2005; Cioci et al. 2006;
Grahn et al. 2007; Wälti et al. 2008; Kadirvelraj et al. 2011; Angulo
et al. 2011; Bovi et al. 2011; Pohleven et al. 2012; Schubert et al. 2012;
Žurga et al. 2014). The biological roles of the various mushroom lec-
tins are still unclear, even though recently a role in defense against
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predators and parasites has been proposed for a number of cytoplas-
mic mushroom lectins (Butschi et al. 2010; Cordara et al. 2011;
Bleuler-Martínez et al. 2011; Schubert et al. 2012; Cordara et al.
2014; Žurga et al. 2014). Some of the mushroom lectins have
mitogenic, anti-proliferative, anti-tumor, anti-viral and immune-
stimulating activity toward mammalian cells (Yu et al. 1993; Yang
et al. 2009; Cordara et al. 2014), which make them interesting for
medical applications.

A few years ago, a new lectin was isolated from Lyophyllum decastes
(Goldstein et al. 2007). This edible mushroom is used as a health-
promoting supplement in Japan (Iwasa et al. 2006), and its polysacchar-
ide extracts were shown to have anti-tumor effects (Ukawa et al. 2000).
Lyophyllum decastes lectin (LDL) is a 10 kDa homodimeric protein rec-
ognizing non-reducing α-galactosyl groups. It has an unusual specificity
for the Galα(1,4)Gal epitope, which is rare in humans (Goldstein et al.
2007). This carbohydrate constitutes the terminal part of the glycolipid
globotriaosylceramide (Gb3), the functional receptor for Shiga toxin
from Shigella dysenteriae and Shiga-like toxins (also called verotoxins)
from EHEC (entero-hemorrhagic Escherichia coli) (Johannes and
Römer 2010), and it is also one of the targets for the pyelonephritis-as-
sociated pili protein G (PapG) adhesin from uropathogenicE. coli (Dod-
son et al. 2001). Gb3 in pigs serves as the ligand for the streptococcal
adhesin P (SadP) adhesin from Streptococcus suis (Kouki et al. 2011).
The Galα(1,4)Gal epitope also occurs in avian (Suzuki et al. 2004) and
amphibian glycoproteins (Strecker et al. 1992; Guerardel et al. 2000;
Delplace et al. 2002). Interestingly, LDL shows no obvious sequence
similarity to any known lectin or other protein of known function.More-
over, unlike other mushroom lectins, for which a cytosolic location can
be surmised (Grahn et al. 2007; Bleuler-Martínez et al. 2011), the pres-
ence of disulfide bridges in this lectin suggests that LDL may be secreted.

Here, we report the crystal structure of this unusual lectin, whichwas
determined with the sulfur single-wavelength anomalous diffraction
(SAD) phasingmethod, and show that it has a novel lectin fold. Thewell-
defined structure explains the requirement for a terminal α-galactose
residue in its ligands and the specificity for α-1,4-linked galactose.

Results and discussion

Structure solution using sulfur-SAD

We attempted to solve the LDL structure by sulfur-SAD as the phasing
method of choice, making use of the fact that well-diffracting crystals
could easily be obtained and that the 94-residue LDL contains the rela-
tively high number of six sulfur atoms (Goldstein et al. 2007). As no
sequence homologs could be identified in the Protein Data Bank (PDB)

and the protein was isolated directly from a mushroom, popular
phasing methods such as molecular replacement (MR) or seleno-
multi-wavelength anomalous diffraction were not feasible. Although
phasing by S-SAD was already reported in 1981 (Hendrickson and
Teeter 1981) and most proteins contain a fair number of sulfur
atoms in their native structures, this method is currently used only
to a very limited extent, with few structures solved by this method
(Liu et al. 2012, 2013; Hendrickson 2013). In S-SAD, the small inten-
sity differences caused by the anomalous dispersion of the sulfur
atoms are exploited for phasing. To maximize these differences, a rela-
tively long but accessible wavelength of 1.698 Åwas used. Under these
conditions, the expected Bijvoet ratio, used as an indicator for the
measurability, would be 1.3%,which should be sufficient for structure
determination (Ramagopal et al. 2003). A highly redundant dataset
was collected to 1.68 Å on a single well-diffracting crystal of the P21
crystal form (Table I). The quality of the resulting data was sufficient
to easily locate the sulfur atoms and solve the phase problem.

Overall structure

The structure of LDL was determined for two different crystal forms
(P21 and P2221), to high resolution of 1.00 and 1.03 Å, respectively.
A complete high-quality model for LDL in the P21 crystal form could
be built into the S-SAD phased map, with R/Rfree of 0.11/0.13. The
P2221 structure was solved by molecular replacement using the P21
model, yielding R/Rfree values of 0.11/0.14. The structures are essen-
tially the same and the models all featured good geometry with low
root mean square deviation (r.m.s.d.) from ideal geometry and no out-
liers in the Ramachandran plots (Table I).

The LDL protomer forms a compact structure, consisting of a
five-stranded anti-parallel β-sheet and two α-helices packed against
one side of the β-sheet (Figure 1A). The secondary structure ele-
ments are generally connected by short turns and loops. The struc-
ture is highly ordered, with the three disulfide bridges further aiding
to stabilize the structure. Specifically, two cystine bridges (Cys2–
Cys68 and Cys8–Cys91) tether the potentially floppy N-terminal
residues tightly to the main body of the molecule, whereas the
remaining disulfide bridge (Cys27–Cys57) cross-links the two
α-helices (Figure 1A).

LDL is known to be dimeric from previous experiments (Goldstein
et al. 2007). The dimer can be easily identified in the crystal structures
and is formed by the stacking of the exposed sides of the β-sheets of the
two subunits. In addition, residues 4–10, forming the first part of the
loop following the short N-terminal β-strand, as well as the C-terminal

Fig. 1. Overall structure of LDL. (A) Structure of one LDL subunit, with disulfide bridges indicated in stick representation. (B) Structure of the LDL dimer showing the

location of α-methylgalactoside in stick representation. N- and C-termini are indicated. This figure and Figures 2 and 4were preparedwith PyMOL (Schrödinger LLC).
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residues (91–94) contribute extensively to the intersubunit contacts
(Figure 1B). Many hydrophobic residues are buried in the large inter-
face area of 1001 Å2 from a total subunit surface area of 5150 Å2, sug-
gesting that the LDL dimer forms a highly stable structure. The
structure of LDL has no similarity to the structures of other known
lectins, which establishes that LDL is the first confirmed lectin with
this fold.

Ligand binding: complex of LDL with

α-methylgalactoside

In order to structurally define the ligand-binding sites of this lectin, an
LDL crystal was soaked in a solution containing α-methylgalactoside,
which has a KD of 1.8 mM (Goldstein et al. 2007), and diffraction
data were collected (Table I). Well-defined difference electron density,
characteristic of the α-methylgalactoside, was present at equivalent
locations for each LDL subunit (Figure 2A and C). The ligand binds

in a relatively deep, narrow andwell-defined pocket on the protein sur-
face with the two pockets separated by ∼19 Å on the same face of the
dimer. This arrangement of the pockets in the dimeric LDL structure
may have functional relevance.

The binding pocket is shaped by the loop ranging from His69 to
Asn73, the Phe13 side chain andAsn6 (Figure 2E). α-Methylgalactoside
is tightly sandwiched between two amino acid residues: on one side,
the hydrophobic side of the pyranose ring of galactose is stacked
against the aromatic ring of Phe13, whereas on the other side, van
der Waals interactions are made with Gly70. The protein engages in
specific hydrogen-bonding interactions with three hydroxyl groups
of the sugar residue. Specifically, OH2 forms a hydrogen bond with
the carbonyl oxygen from Asn6, OH3 exhibits a hydrogen bond
with the Asn73 side chain, and OH4 forms one hydrogen bond
with the amide NH group of Gly70 and another with the carbonyl
oxygen atom of Ser72 (Figure 2E, Table II). When comparing the
α-methylgalactoside complex with the apo structure, no structural

Table I. Data collection, phasing and refinement statistics

S-SAD P21 apo P2221 apo α-Methylgalactoside Globotriose

Space group P21 P21 P2221 P21212 P21
Unit cell
a (Å) 34.7 34.8 37.4 62.1 34.9
b (Å) 56.9 56.7 44.2 75.0 56.8
c (Å) 44.5 44.5 62.1 44.4 44.5
β (°) 107.3 107.1 90 90 107.1

Wavelength (Å) 1.698 0.934 0.931 0.931 0.934
Resolution 20–1.68 (1.73–1.68) 20–1.00 (1.06–1.00) 20–1.03 (1.09–1.03) 20–1.30 (1.38–1.30) 20–1.30 (1.38–1.30)
Completeness (%) 95.7 (64.3) 94.6 (91.7) 94.7 (86.6) 98.5 (97.2) 86.4 (46.5)
Redundancy 14.3 (5.3) 4.1 (3.9) 4.4 (2.7) 4.4 (4.4) 4.7 (2.5)
Unique reflections 35393 (1795) 84151 (13132) 50528 (7161) 50868 (7972) 35328 (3099)
I/σI 40.4 (6.6) 14.0 (2.7) 13.9 (1.6) 15.9 (2.3) 39.7 (5.9)
Rsym

a (%) 4.5 (15.2) 6.3 (50.7) 6.1 (59.0) 6.2 (64.4) 2.3 (14.9)
Rmeas

b (%) 4.6 (16.5) 7.3 (58.4) 7.0 (72.2) 7.0 (73.1) 2.5 (19.2)
Phasing
S atoms 12
F.o.m. 0.35

Refinement
R/Rfree

c (%) 10.9/12.5 11.4/13.5 17.3/21.0 12.2/15.6
No. of non-H atoms
Proteind 1616 810 1558 1505
Ligand – – 26 34
Solvent 340 245 327 299
Avg B factor (Å2)
Protein 8.9 8.1 11 12
α-Gal 12 15
β-Gal 21
β-Glc 28
Solvent 24 24 26 28
Ramachandran (%)
Favored 98 98 98 98
Outliers 0 0 0 0
R.m.s.d.
Bonds (Å) 0.008 0.010 0.011 0.009
Angles (°) 1.3 1.5 1.5 1.2
PDB ID 4NDS 4NDT 4NDU 4NDV

Values in parentheses are for the highest resolution shell.
aRsym ¼ P jI � 〈I〉j=P I, where I is the observed intensity and 〈I〉 the average intensity.
bRmeas ¼

P
h

ffiffiffiffiffiffiffiffi
nh

nh�1

q Pnh
i ĵIh � Ih; ij=

P
h

Pnh
i Ih;i, where Îh ¼ 1

nh

Pnh
i Ih;i (Diederichs and Karplus 1997).

cR ¼ P
hkl;work Fobsj�kjFcalck k=Phkl jFobsj, where Fobs is the observed structure factor and Fcalc is the calculated structure factor. Rfree is R calculated for 5% of

randomly selected data that were omitted from the refinement.
dIncluding additional atoms for alternative conformations.
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changes are observed in the binding pocket, illustrating the rigidity of
the pocket.

Ligand binding: globotriose

In order to structurally characterize LDL’s specificity for larger carbo-
hydrate ligands, an LDL crystal was soaked with globotriose
(Gal-α1,4-Gal-β1,4-Glc). This compound serves as a representative
example of a 1,4-linked glycan, for which LDL has a stronger affinity
(KD of 0.38 mM compared with 1.8 mM for the monosaccharide)

(Goldstein et al. 2007). Well-defined electron density was present at
one of the binding sites identified in the LDL-α-methylgalactoside
complex structure (Figure 2B and D). The terminal α-galactose residue
binds in the exact same fashion to the pocket as seen in that structure,
and the two additional carbohydrate residues extend from the
α-galactose-binding pocket parallel to the relatively flat part of the
LDL surface largely made up by loop 1 (residues 4–15) (Figure 2F).
Interestingly, this loop is held rigidly in its conformation by the disul-
fide bridge Cys8–Cys91. No binding is observed in the second
α-galactose-binding pocket of the LDL dimer. This may be attributed

Fig. 2. Carbohydrate binding to LDL. Surface representations of LDL in complexes with (A) α-methylgalactoside or (B) globotriose (in stick representations).

Simulated annealing FO− FC OMIT density contoured at 3σ (blue mesh) of (C) α-methylgalactoside and (D) globotriose. Stereo view of interactions between LDL

and (E) α-methylgalactoside or (F) globotriose. Hydrogen bonds are indicated with dashed lines. Relevant water molecules are shown as red spheres.
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to the restricted space around this pocket in the crystal lattice, as resi-
dues from loop 1 in this subunit are involved in crystal contacts. The
β-galactose and β-glucose residues have higher temperature factors
than the α-galactose residue, which is indicative of a higher disorder,
consistent with the absence of direct contacts between the protein and
these sugar residues (Table II). Only a few water-mediated interactions
between LDL and the second β-galactose residue are observed, and the
terminal β-glucose residue is even farther away from the LDL surface
and has even weaker water-mediated interactions (Figure 2F). The lim-
ited interactions found in this complex for the β-galactose and
β-glucose residues are consistent with the modest increase in affinity
for globotriose compared with α-galactose alone.

Specificity of ligand binding

Taken together, these structures allow some pertinent insights into the
previously reported binding specificity of this lectin (Goldstein et al.
2007). The shape of the narrow binding pocket is highly complemen-
tary to the dimensions of α-galactose. Specifically, epimers at the C2,
C3 and C4 positions would not be able to occupy this pocket without
clashes. A comparison of the activity studies with the current struc-
tural data suggests that LDL has an absolute requirement for an
axial hydroxyl at the C4 position, explaining its selectivity for galact-
ose. In fact, the only other somewhat acceptable monosaccharide lig-
and is methyl-β-D-fructopyranoside (Goldstein et al. 2007), which
shares the axial hydroxyl group at the C4 position, but would other-
wise not completely fill the binding site. Also the β-anomer of galact-
ose would experience steric hindrance, with Gly70. Taken together,
the structure and rigidity of this pocket determines the marked pre-
ference for α-galactose, and gives LDL a much narrower specificity
for α-galactose than several other α-galactosyl-binding lectins. These
lectins, such as the rhamnose-binding chum salmon lectin 3 (Shirai
et al. 2009), the legume lectin basic winged-bean agglutinin (Kulkarni
et al. 2008) and lectins from the jacalin family (Sankaranarayanan
et al. 1996; Rao et al. 2004; Sharma et al. 2009), generally use
wider pockets or grooves, which make less extensive and less comple-
mentary interactions with α-galactose. On the other hand, the exten-
sive interactions in a narrow and deep pocket on the lectin surface are

reminiscent of the manner in which the legume lectinGriffonia simpli-
fica lectin I B4 (GS I-B4) fromGriffonia simplifica achieves a high spe-
cificity for α-galactose (Tempel et al. 2002).

Unlike GS I-B4, LDL shows enhanced specificity for certain di- and
trisaccharides, with globotriose (Gal-α1,4-Gal-β1,4-Glc) being the
best currently known ligand of LDL (Goldstein et al. 2007). Our
structural data can attribute this to the modest contributions to the lec-
tin–ligand interactions made by the two additional sugar residues,
winding along the surface of LDL. As all interactions with the second
carbohydrate residue are water-mediated, it can be expected that LDL
can accommodate not only galactose but also other sugar residues in
this position. The curvature of the globotriose ligand in its
minimum-energy conformation (Cummings et al. 1998) complements
the convex shape of the LDL surface in this area. Manual modeling
suggests that no steric constraints would preclude binding of
Gal-α1,2- andGal-α1,3-linked terminal disaccharidemoieties, but ter-
minal disaccharides would likely have varying degrees of interaction
with LDL, allowing LDL to exhibit some specificity. LDL binding of
oligosaccharides clearly differs fromGS I-B4 in this respect. In GS I-B4,
only the terminal α-galactose contributes to binding and any other re-
sidues extend away from the protein surface (Tempel et al. 2002),
which makes this lectin relatively nonspecific for the type of linkage.

LDL shares its globotriose specificity with the Shiga-like toxin I B
subunit (SltIB, also known as verotoxin), which binds to the globo-
triose moiety of the Gb3 glycolipid (Ling et al. 1998). Interestingly,
LDL was found to not bind Gb3, even though it has specificity for glo-
botriose (Goldstein et al. 2007). The SltIB pentamer is able to bind 15
Gb3 molecules, which amounts to three structurally different binding
sites per subunit (Ling et al. 1998). The globotriose moieties all adopt
a similar conformation when bound to the toxin, but the actual bind-
ing sites, which in SltIB resemble shallow concave grooves, are differ-
ent in character when compared with the LDL-globotriose complex.
In addition, SltIB only interacts with the “convex” side of the trisac-
charide (Ling et al. 1998), while LDL binds to the “concave” side of
the trisaccharide. The binding of globotetraose (GalNAc-β1,3-
Gal-α1,4-Gal-β1,4-Glc) to the PapG fimbrial adhesion of uropatho-
genic E. coli resembles the globotriose binding to SltIB in this
respect (Dodson et al. 2001), and also Pseudomonas aeruginosa lectin

Table II. Protein–carbohydrate interactions

α-Methylgalactoside complex Globotriose complex

Residue ASA (Å2) H-bonding distance [Å] Donor–acceptor ASA (Å2) H-bonding distance [Å] Donor–acceptor

Asn6 22/24 2.8/2.7 O-O2 αGal 25 2.7 O-O2 αGal
O-O5 βGal via water
O-O3 βGlc via water

Ser7 19
Cys8 4
Ser11 23 OG-O2 βGal via water
Phe13 37/35 47
His69 18/18 NE2-O6 αGal via water 20 NE2-O6 αGal via water
Gly70 34/32 2.9/3.0 N-O4 αGal 33 3.0 N-O4 αGal
Gln71 4/4 4
Ser72 8/8 2.7/2.7 O-O4 αGal 9 2.4/3.0a O-O4 αGal
Asn73 1/1 2.9/2.9 OD1-O3 αGal 1 2.8 OD1-O3 αGal
Phe88 1/1 1
Total 124/121 185

Distances and donor–acceptor pairs are listed for hydrogen bonds (as judged from distances of max. 3.2 Å and favorable angles). Accessible surface areas (ASAs) of
the protein, buried by the ligand, are listed. The two values given for interactions in the α-methylgalactoside complex are from the two crystallographically
independent copies in the model.
aDistances for two alternative conformations of Ser72.
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probably binds the globotriose moiety of Gb3 in a similar manner
compared with SltIB (Blanchard et al. 2008). It is possible that this dif-
ference in binding mode precludes Gb3 from binding to LDL, analo-
gous to what has been proposed to explain the greater efficiency of
binding of Gb3 over isoglobotriaosylceramide to P. aeruginosa lectin,
even though the lectin has the same affinity for the trisaccharide moi-
eties (Blanchard et al. 2008). The conformation of Gb3 in a membrane
environment reportedly shields the side of the globotriose moiety that
interacts most extensively with LDL (Fantini 2007). This makes it un-
likely that membrane-embedded Gb3 is the natural ligand for LDL,
and furthermore suggests that LDL can be used as a specific probe
for α1,4-linked terminal galactose units of non-glycolipid nature.

LDL may identify a protein family common to fungi

LDL is present in significant amounts in the fruiting bodies of L. dec-
astes, but its natural interaction partner and its role there are un-
known. Even though it is known that L. decastes produces
galactose-containing polysaccharides (Ukawa et al. 2000), no data

are available regarding their linkage type. To shed more light on the
possible function of LDL in L. decastes, an attempt to identify poten-
tial homologs of LDL was made. Interestingly, only sequences derived
from fungi gave significant hits in a BLAST search for homologous
proteins among the non-redundant sequences in Genbank. The high-
est homology was found with a putative protein from the mushroom
Trametes versicolor, with 27% sequence identity. PSI-BLAST runs it-
erated until convergence identified with high confidence several more
distantly related sequences up to a total of ∼25 which share <80% se-
quence identity among each other (Figure 3). Interestingly, all those
sequences derived from fungi, but not all sequenced fungal genomes
contain readily identifiable LDL homologs. An alignment of the se-
quences of LDL homologs suggests a broad conservation of secondary
structure elements, as well as the general conservation of two of the
three disulfide bridges found in LDL (Figure 3). The residues, which
define specific LDL characteristics, such as those involved in dimer for-
mation are, however, only conserved in the closest LDL homologs in
mushrooms (Figure 3). The residues, which in LDL shape the
α-galactosyl-binding pocket and the surrounding area, are not highly

Fig. 3. Sequence alignment of LDL with fungal homologs. Secondary structural elements of LDL are indicated above the sequence. Conserved residues are

highlighted. LDL residues forming the α-galactose binding pocket are indicated with orange triangles above the sequence, LDL disulfide bridges are labeled

with numbers above the sequence, with the names of single-domain LDL homologues in red, and names of homologs fused to SGNH-family proteins in green.

Most sequences are labeled with their species origin and Uniprot code, except for the T. versicolor draft sequences, which are labeled with their Genbank codes.
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conserved either. The presence of anN-terminal signal peptide (at least
in all LDL homologs) and conserved cysteines, which in LDL are in-
volved in disulfide bridges, suggest that all of the encoded proteins are
secreted. Taken together, this suggests that even though sequence
homologs of LDL exist in other fungi, their precise activities and func-
tions may not be conserved.

Further analysis shows that the homologous sequences can be di-
vided into two groups, where the proteins in the group with closest
homology to LDL only consist of a single LDL-like domain (Figure 3).
In the second group of sequences, the LDL-like domain is found at the
C-terminal end of a larger domain with homology to members of the
Ser, Gly, Asn, His consensus sequence (SGNH)-hydrolase family
(Mølgaard et al. 2000), which is part of the Gly, Asp, Ser, Leu
motif-esterase/lipase superfamily (Akoh et al. 2004). SGNH hydrolases
form a family of esterases, which have a very diverse set of activities and
substrates and include acetylxylan esterases, arylesterases and acetyles-
terases, with some of them known to modify cell-wall components.
Members of this family have been found fused to other domains
known to be involved in cell-surface adhesion (Anantharaman and
Aravind 2010). LDL-like domains in multidomain proteins could there-
fore have a similar function in facilitating adhesion of an enzyme to the
fungal cell wall. Interestingly, LDL shows no sequence or structural
similarity to known carbohydrate-binding modules (CBMs) (Lombard
et al. 2014). Our results might therefore point toward a previously un-
identified class of CBMs.

LDL-like proteins may form part of a superfamily

of fungal and plant proteins

No sequence similarity could be detected between LDL and proteins of
known structure. However, comparison of the LDL structure with
known structures deposited in the PDB (www.wwpdb.org) by 3D
alignment shows that three proteins nevertheless have significant
structural similarity to LDL (Figure 4). The protein with the highest
similarity is ginkbilobin-2, a protein with apparent anti-fungal

properties isolated from the seeds of the ginkgo biloba tree (Miyakawa
et al. 2009). LDL and ginkbilobin-2 have the same fold with an r.m.s.
difference for Cα atoms of 2.6 Å over 78 aligned residues, even though
there is no significant sequence identity. The greatest structural diver-
gences are found in the area that forms the carbohydrate-binding site
in LDL. Ginkbilobin-2 is the only member of the domain of unknown
function 26 (DUF26) protein family (PFAM: PF01657) (Chen 2001),
for which the structure has been determined. DUF26 domains are
found in plant proteins, to which in general a function in response
to stress or fungal or bacterial pathogens is ascribed (Chen 2001;
Engelmann et al. 2008).

Interestingly, the other structurally similar proteins also have anti-
fungal properties. The virally encoded fungal toxin killer protein 4
(KP4) from the filamentous maize smut fungus Ustilago maydis (Gu
et al. 1995) has an r.m.s.d. of 2.9 Å over 77 structurally aligned resi-
dues with LDL. KP4 is able to kill sensitive Ustilago strains by block-
ing L-type voltage-gated calcium channels (Gage et al. 2002), even
though it remains unclear whether the blocking involves a direct inter-
action between the toxin and the calcium channel. Genes encoding pu-
tative homologs of KP4 can be detected in several other fungi and one
moss (Brown 2011). The heterodimer formed by the salt-mediated
killer toxin from the halotolerant yeast Pichia farinosa (Kashiwagi
et al. 1997) has an r.m.s.d. of 3.6 Å over 79 aligned residues of
LDL. This toxin can kill several genera of yeasts. Its action involves
a reversible interaction with an as yet unidentified component of the
yeast cell membrane (Suzuki et al. 2001). The available data on
these proteins do not rule out that carbohydrate-binding properties
have a role in their function.

Solving the structure of LDL and observing the structural similar-
ity among these four proteins, which was not previously anticipated,
now allows us to define a novel structural superfamily of extracellular
proteins and protein domains, many of which function at an interspe-
cies interface involving fungi and/or plants. The structural relation be-
tween these various proteins is striking. At present, the possibility that

Fig. 4. LDL, ginkbilobin-2, killer protein 4 and SMKT share the same fold. Structures of LDL, Ginkgo biloba Ginkbilobin-2 (PDB ID: 3A2E; Miyakawa et al. 2009),

Ustilago maydis KP4 (PDB ID: 1KPT; Gu et al. 1995) and Pichia farinosa (PDB ID: 1KVE; Kashiwagi et al. 1997), are shown in the same orientation.
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they evolved from a common ancestor retaining similar functions can-
not be ruled out, however, further data are necessary to resolve this
issue. Therefore, whether LDL also has a role in interspecies warfare
or has a more innocuous role, remains to be investigated.

Materials and methods

Crystallization

LDL was isolated from fruiting bodies of the mushroom Lyophyllum
decastes and affinity-purified on a melibiose-Sepharose column as de-
scribed previously (Goldstein et al. 2007). The purified protein was lyo-
philized and dissolved in 10 mMTris–HCl (pH 7.5) to a concentration
of 10 mg mL−1. The hanging-drop vapor-diffusion technique was used
to test crystallization conditions with initial drop sizes 1 + 1 μL and
0.5 mL in the wells. Crystals were obtained in several conditions
using Structure Screen 1 from Molecular Dimensions (Molecular
Dimensions Ltd., UK) at room temperature (293 K). The crystals show-
ing the best X-ray diffraction properties were grown in 0.2 M CaCl2,
0.1 M NaHEPES (pH 7.5) and 28% (v/v) PEG400 (space group
P21), or in 0.2 M Li2SO4, 0.1 M Tris–HCl (pH 8.5) and 30% (w/v)
PEG4000 (space group P2221 or P21212). The carbohydrates methyl
α-D-galactoside (Sigma-Aldrich) and globotriose (Dextra Laboratories,
UK) were dissolved in 10 mM Tris–HCl (pH 7.0) to a concentration of
10 mM, and 1 μL of the respective solutions was added directly to drops
containing crystals for ∼30 min. Prior to data collection, the apo-form
and carbohydrate-soaked crystals were flash-frozen in liquid nitrogen
without any additional cryo-protectants.

Data collection and processing

All data were collected at 100 K. The P2221 and P21212 datasets were
collected at beamline ID14-3, ESRF, Grenoble, France using an ADSC
Q4R CCD detector, while data for the P21 crystal form, with or with-
out globotriose, were collected at ESRF beamline ID14-1 using an
ADSC Q210 CCD detector. Data were integrated and scaled with
XDS (Kabsch 2010) and programs from the CCP4 package (Winn
et al. 2011). Data collection statistics are summarized in Table I.

S-SAD phasing

For a P21 LDL crystal, in addition a high-multiplicity dataset was col-
lected to 1.68 Å resolution at ESRF beamline BM14 at awavelength of
1.698 Å, using aMar225 CCD detector. The data were integrated and
scaled with XDS (Kabsch 2010) and programs from the CCP4 pack-
age (Winn et al. 2011). Disulfide sites were identified from data trun-
cated to 2.2 Å using ShelXD (Sheldrick 2008) as “super-Sulfurs”.
Phasing was performed on the full dataset in PHASER (McCoy
et al. 2007). Density modification was done with RESOLVE
(Terwilliger 2000).

Model building, refinement and analysis

The model of LDL was built by cycles of manual building with Coot
(Emsley et al. 2010) and refinement against the P21 dataset with
Refmac5 (Murshudov et al. 2011). Final refinement was done with
phenix.refine (Adams et al. 2010) and included full anisotropic B fac-
tor refinement. The structure of LDL in other crystal forms was solved
by MR using MOLREP (Vagin and Teplyakov 2010) using one sub-
unit as a search model. The refinement of the high-resolution model of
the P2221 crystal form was then done in a similar fashion as described
for the P21 apo model. For the LDL:ligand complexes, ligands were
added in places where there was sufficient difference density. The

LDL:α-methylgalactoside and LDL:globotriose models only included
anisotropic B factor refinement for all protein atoms. A riding hydro-
genmodel was used throughout refinement for all models, with the ex-
ception of the P21 apo and P2221 apo models, where individual
refinement of all hydrogen atoms was performed in the final rounds
of refinement. PISA (Krissinel and Henrick 2007) was used for surface
area calculations, PDBeFold (Krissinel and Henrick 2004) for struc-
ture comparison, and AREAIMOL (Tickle 2007) for calculating
accessible surface areas.
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