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Abstract Rice (Oryza sativa) expresses different putative
carbohydrate-binding proteins belonging to the class of
lectins containing an Euonymus lectin (EUL)-related do-
main, one of them being OrysaEULS2. The OrysaEULS2
sequence consists of a 56 amino acid N-terminal domain
followed by the EUL sequence. In this paper the original
sequence of the EUL domain of OrysaEULS2 and some
mutant forms have been expressed in Pichia pastoris.
Subsequently, the recombinant proteins were purified and
their carbohydrate binding properties determined. Analysis
of the original protein on the glycan array revealed interac-
tion with mannose containing structures and to a lesser
extent with glycans containing lactosamine related struc-
tures. It was shown that mutation of tryptophan residue
134 into leucine resulted in an almost complete loss of
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carbohydrate binding activity of OrysaEULS2. Our results
show that the EUL domain in OrysaEULS2 interacts with
glycan structures, and hence can be considered as a lectin.
However, the binding of the protein with the array is much
weaker than that of other EUL-related lectins. Furthermore,
our results indicate that gene divergence within the family of
EUL-related lectins lead to changes in carbohydrate binding
specificity.

Keywords Lectin - Carbohydrate-binding - Mutant - EUL
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Introduction

Lectins are heterogeneous group of proteins. They have a
unique property of binding carbohydrate structures in a
specific and reversible way [1]. In the last decade, a new
class of inducible lectins was discovered in plants [2]. These
lectins are expressed at very low concentrations in response
to abiotic or biotic stresses like drought, salinity, hormone
treatments and attack of pathogens and predators. Based on
these observations, the hypothesis was put forward that the
inducible lectins have a possible role in the stress physiol-
ogy of the plant [3].

In 2008 sequencing of the cDNA clone encoding the
Euonymus europaeus agglutinin (EEA) from spindle tree
led to the discovery of a new lectin motif in plants [4].
Since then, the Euonymus europaeus lectin (EUL) domain
is considered as the prototype for a new lectin family [5].
Screening of the available genome and transcriptome data
revealed the broad distribution of the EUL lectin domain in
the plant kingdom. A classification system for proteins
containing one or more EUL-related lectin domains was
proposed based on the architecture of the EUL domain in
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the different protein sequences [5]. According to this clas-
sification, some EUL sequences comprise a single EUL
domain preceded by variable and unrelated N-terminal do-
main, whereas other EUL proteins are composed of two
EUL domains arrayed in tandem and separated by a linker
sequence. In rice, four different types of EUL proteins have
been identified: 1) a single-domain protein with a medium
long unrelated N-terminal sequence (type S2, referred to as
OrysaEULS2), 2) a single-domain EUL protein with a long
unrelated N-terminal sequence (type S3, OrysaEULS3), 3)
two two-domain proteins with a short linker (type DI,
OrysaEULDI1A, and OrysaEULDIB), and 4) one two-
domain protein with a long linker sequence (type D2,
OrysaEULD?2) [5].

The OrysaEULS2 protein, originally named as
OSR40g3, was first reported in the shoots of rice seedlings
subjected to salt stress and abscisic acid treatment [6]. The
protein is encoded by a gene annotated under two acces-
sions; Os07g0684000 (National Center for Biotechnology
Information [NCBI] annotation) and Os07g48500 (The
Institute for Genomic Research annotation). OrysaEULS2
is annotated as a ‘ricin B-related lectin domain containing
protein’ because it has two QXW repeats (which is typical
for ricin-B domain), but according to the BLASTp search
there is no significant sequence similarity with proteins
comprising a ricin-B domain and thus it is questionable
whether it can be considered as a ricin-B family member
[4] . According to the classification of plant lectins proposed
by Fouquaert et al. [5] this protein belongs to the group of
chimeric EUL proteins and consists of an EUL domain
preceded by a 56 unrelated amino acid sequence, and can
be grouped as a type S2 EUL-related lectin. The purification
of OrysaEULS2 is cumbersome because the protein is
expressed at very low levels even after the plant was sub-
jected to stress. In an attempt to gain more information on
the carbohydrate binding properties of OrysaEULS2 the
presumed carbohydrate-binding domain of this protein was
recombinantly expressed in the heterologous expression
system Pichia pastoris. In the last decade this expression
system has become a pioneer biological tool to produce
proteins of interest [7-9]. The expression of the recombinant
proteins is controlled by the alcohol oxidase 1 promoter
(AOX1) and tightly induced to high levels by methanol
[10, 11]. Several nucleocytoplasmic lectins from tobacco
(Nictaba), maize (GNAmaize), rice (Orysata) and
Arabidopsis thaliana (ArathEULS3) have been expressed
successfully in P. pastoris [12—15].

In this paper we describe the expression and purification
of the EUL domain from OrysaEULS2, further referred to as
EULS2, in P, pastoris. In an attempt to unravel which amino
acids are required for the carbohydrate binding activity of
EULS2 a three-dimensional model was made for EULS2,
and compared to the models for EEA and the EUL domain
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within ArathEULS3. The molecular structure, biological
activity, putative carbohydrate binding site and specificity
of the EULS2 domain and its mutants have been investigat-
ed. These data will allow us to get better insights into the
physiological role and importance of the OrysaEULS2 pro-
tein in carbohydrate-mediated stress responses.

Materials and methods
Hydrophobic cluster analysis and molecular modeling

Hydrophobic Cluster Analysis (HCA) [16] was performed
to assess the conserved secondary structural features (essen-
tially strands of 3-sheet) along the amino acid sequences of
the Euonymus europaeus agglutinin (EEA) and the EUL
domains of Arabidopsis (ArathEULS3) and rice
(OrysaEULS2). HCA plots were generated using the HCA
server (http://mobyle.rpbs.univ-paris-diderot.fr). Molecular
modeling was performed with the YASARA Structure pro-
gram [17] running on a 2.53 GHz Intel core duo Macintosh
computer. All protein models were built from the X-ray
coordinates of the holotoxin from Bacillus sphaericus
(RCSB PDB code 2VSE) [18], which was used as a tem-
plate. The toxin shares acceptable percentages of identity
(~20 %) and homology (~50 %) with all EUL proteins and
allowed to build an accurate three-dimensional model for
the three EUL lectins. PROCHECK [19] was used to assess
the geometric quality of the three-dimensional models. As
an example, about 80 % of the residues of the modeled EEA
protein were correctly assigned on the best allowed regions
of the Ramachandran plot, the remaining residues being
located in the generously allowed regions of the plot except
for Phe32 and Lys75 (in EEA), which occur in the non-
allowed region (result not shown). Cartoons were drawn
with PyMOL (http://www.pymol.org) and YASARA.
Electrostatic potentials were calculated [20] and dis-
played with GRASP using the parse3 parameters [21].
The solvent probe radius used for molecular surfaces
was 1.4 A and a standard 2.0 A-Stern layer was used to
exclude ions from the molecular surface. The inner and
outer dielectric constants applied to the protein and the
solvent were fixed at 4.0 and 80.0, respectively, and the
calculations were performed keeping a salt concentration
of 0.145 M.

Expression of EULS2 and its mutant forms in Pichia
pastoris

The EasySelect Pichia Expression Kit from Invitrogen was
used (Invitrogen, Carlsbad, CA USA) to clone and express
the EUL domain from OrysaEULS2 and its mutant forms.
Therefore, the coding sequence for the EUL domain (amino
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acids 57-204 of the full OrysaEULS2, Genbank accession
number AK072989) was amplified from the pFLCI vector
(obtained from the Rice Genome Resource Center, Ibaraki,
Japan) by PCR using primers EVD 574 and EVD 514
(Table 1). The mutant forms were created by using reverse
primers containing several point mutations (Table 1). All
primers used have the EcoRI cleavage site at the 5’ end and
the Xbal cleavage site at the 3’ end, which allowed cloning
all amplified PCR fragments in the vector pPICZxA after
double digestion with EcoRI and Xbal. This shuttle vector
contains the o—mating sequence from Sacharomyces cere-
visiae to enable secretion of the recombinant proteins in the
culture medium. The pPICZxA vectors were transformed
into Escherichia coli ToplOF cells by heat shock. After
selection on LB agar plates containing 25 pg/ml zeocin
(Invitrogen), the plasmid DNA was purified using the
E.Z.N.A. Plasmid Mini kit I (Omega Bio-Tek, Georgia,
USA) and sequenced using 5" and 3" AOX1 specific primers
EVD 21 and EVD 22 (Table 1) (carried out by LGC
Genomics GmbH, Berlin, Germany). The restriction en-
zyme Sacl (Fermentas, St Leon-Rot, Germany) was used
to linearize the pPICZxA vectors by overnight incubation at
37 °C. Approximately 10 pg linearized pPICZxA vector
was used to electroporate the Pichia strain X-33 using the
pulse settings: 25 pF, 1.5 kV and 200 Q on the GenePulser
apparatus (Bio-Rad, Hercules CA, USA). Afterwards,
Pichia transformants were selected on YPDS plates (1 %

yeast extract, 2 % peptone, 2 % dextrose, 1 M sorbitol, 2 %
agar) containing 100 pg/ml zeocin.

Expression analysis of the recombinant proteins

Selected Pichia colonies were grown overnight on a shaker
(200 rpm) at 30 C° in a 50 ml falcon tube containing 5 ml
BMGY medium (1 % yeast extract, 2 % peptone, 1.34 %
yeast nitrogen base with ammonium sulphate and without
amino acids, 4x107> % biotin, 100 mM potassium phos-
phate pH 6.0 and 1 % glycerol). After washing the Pichia
cells with autoclaved distilled water and resuspension in
10 ml BMMY medium (BMGY medium supplemented with
1 % of methanol instead of 1 % of glycerol) the culture was
grown for three days. Methanol induction (2 % final con-
centration) was performed twice a day. Proteins in the cul-
ture medium were analyzed after trichloroacetic acid
precipitation (10 % final concentration) by SDS-PAGE and
western blot analysis. Colonies that showed good expres-
sion of EULS2 were grown in 10 ml BMGY medium for
24 h at 30 °C on a rotary shaker at 200 rpm. The next day,
the culture was transferred to 50 ml BMGY in 250 ml
Erlenmeyer flasks and grown for 24 h, and then Pichia cells
were washed, resuspended in 200 ml BMMY medium in a
1 1 Erlenmeyer flask and grown for three days under the
same conditions as mentioned above. Every 24 h 100 %
methanol was added to the culture once in the morning and

Table 1 PCR scheme and primer sequences. Nucleotides that have been mutated are underlined in the primer sequence

Construct PCR/ Template Direction Primer name Primer sequence 5’ to 3’
Original EULS2 PCR1/ pFLCI vector Forward EVD 574 GGCGGAGAATTCACCATGGTGT
ACTGCCGGGCG AACCCGAA
Reverse EVD 514 CCCGCTTTCTAGAATGTAGTAGG
GCTGGATCTTCCAGCGC
Mutant 1 PCR2/ pFLCI vector Forward EVD 574 Above
Reversel EVD 639 GTAGTAGGGCTGGATCTTCCAGC
GCTGGTTGTCGCCCTCGCACA
ACTTCCA
W changed to L PCR3/ PCR2 product Forward EVD 574 Above
Reverse 2 EVD 514 Above
Mutant 2 PCR4/ PCR2 product Forward EVD 574 Above
Reversel EVD 640 GTAGTAGGGCTGGATCTTCCAGCG
CTGGCTGTCGCCCTC
W changed into PCR5/ PCR4 product Forward EVD 574 Above
L and N into S Reverse 2 EVD 514 Above
Mutant 3 PCR6/ PCR4 product Forward EVD 574 Above
Reverse EVD 641 GTAGTAGGGCTGGATCTTCCAGC
GCAGGCTGTCGCCCTC
W changed into L, N PCR7/ PCR6 product Forward EVD 574 Above
into S and Q into L Reverse 2 EVD 514 Above
AOXI1 primers Forward EVD 21 GACTGGTTCCAATTGACAAGC
Reverse EVD 22 GCAAATGGCATTCTGACATCC
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once in the evening (2 % final concentration). Finally, the
culture was centrifuged at 3000 g for 10 min and the
recombinant proteins were precipitated by adding ammoni-
um sulphate (final concentration 80 %) to the supernatant
and stored at 4 °C until use.

Purification of the recombinant proteins

Purification of the EULS2 and its mutant forms was achieved
by several chromatographic steps. The protein pellet obtained
after centrifugation of the ammonium sulphate precipitated
Pichia culture medium for 25 min at 17000 g was resuspended
in 90 ml 20 mM 1,3-diaminopropane and dialyzed overnight.
The protein solution was loaded on a Q Fast Flow column (GE
Healthcare, Uppsala, Sweden) after equilibrating with 20 mM
1,3 diaminopropane. After washing the column until optical
density OD280<0.2 the bound proteins were eluted using
100 mM Tris—HCI pH 8.7 containing 0.5 M NacCl.
Subsequently, imidazole (final concentration 25 mM) was
added to the pooled fractions and this solution was loaded on
a Nickel Sepharose column (GE Healthcare) equilibrated with
start buffer (0.1 M Tris—HCl pH 7 containing 0.5 M NaCl and
25 mM imidazole) to select for the His-tagged protein. After
washing the Ni-Sepharose column using the start buffer, bound
proteins were eluted using the elution buffer (0.1 M Tris—HCI
pH 7 containing 0.5 M NaCl) containing a series of imidazole
concentrations of 75, 100, 150 and 250 mM. Afterwards,
fractions eluted from Ni-Sepharose with 250 mM imidazole
were diluted 5 times with 20 mM 1,3-diaminopropane and
applied on a small Q Fast Flow column to concentrate the
recombinant proteins and adjust them to a suitable buffer for
some downstream analyses. The purity of the protein samples
was verified by SDS-PAGE and/or Western blot analysis after
each purification step. Starting from a 1 L culture 4 to 6 mg of
recombinant EULS2 was obtained.

N-terminal sequence analysis

A sample from the affinity purified EULS2 was analyzed by
SDS-PAGE, electroblotted onto a ProBlot'™ polyvinylidene
difluoride membrane (Applied Biosystems, Foster City, CA,
USA) and visualized by staining with 1:1 mix of Coomassie
brilliant blue and methanol. Bands of interest were excised
from the membrane and the N-terminal sequence deter-
mined by Edman degradation on a capillary Procise
491cLC protein sequencer without alkylation of cysteines
(Applied Biosystems).

Agglutination assay

The biological activity for the recombinant proteins was
examined by performing an agglutination assay using
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trypsin-treated rabbit red blood cells (BioMérieux, Marcy
I’Etoile, France). In a glass tube, 10 ul of the purified
protein (54 pg/ml), 10 ul of 1 M ammonium sulphate
and 30 pl of trypsinized erythrocytes were mixed. The
negative control contained 20 pl 1 M ammonium sulphate
and 30 upl trypsinized erythrocytes. After a few minutes
agglutination was observed as clumping of the cells at the
bottom of the glass tube. Samples that yielded no visible
agglutination activity after incubation for 1 h were
regarded as lectin negative. To determine the agglutination
titer, a dilution series of the recombinant proteins was
analyzed.

Carbohydrate inhibition test

To test the carbohydrate specificity of the recombinant pro-
teins, several carbohydrates (mannose, trehalose, glucose,
galactose, GIcNAc or methyl mannopyranoside, at 0.5 M)
and glycoproteins (thryoglubulin, ovomucoid and asialomu-
cin at 10 mg/ml) were used. Therefore 10 pl aliquots of a
serially twofold diluted purified lectin were mixed with 10 pl
of carbohydrate or glycoprotein solution. After incubation for
10 min at room temperature, 30 pl trypsin-treated erythrocytes
were added. Agglutination activity was assessed visually after
incubation for 1 h at room temperature.

Glycan array screening

The microarrays are printed as described previously [22]
and version 5.0 with 611 glycan targets was used for the
analyses reported here (https://www.functionalglycomics.org/
static/consortium/resources/resourcecoreh8.shtml). The
printed glycan array contains a library of natural and synthetic
glycan sequences representing major glycan structures of
glycoproteins and glycolipids. Recombinant EULS2 and its
mutant forms containing a His tag were purified from Pichia
pastoris and detected using a fluorescent-labeled anti-His
monoclonal antibody (Qiagen, Valencia, CA). Since the 488-
labeled anti-His did not show binding (data not shown),
detection of the immune complex with alexa488-labeled
mouse anti-His was amplified using an Alexa633-labeled goat
anti-mouse IgG. In addition to any amplification coming from
the additional antibody binding the Alexa633 label is approx-
imately 10 times more sensitive than the Alexa488 label. The
lectin was diluted to desired concentrations in binding buffer
(Tris-bufferred saline containing 10 mM CaCl,, 10 mM
MgCl,, 1 % BSA, 0.05 % Tween 20, pH 7.5) and 70 ul of
the lectin solution was applied to separate microarray slides.
After 60 min incubation under a cover slip in a humidified
chamber at room temperature, the cover slip was gently re-
moved in a solution of Tris-buffered saline containing 0.05 %
Tween 20 and washed by gently dipping the slides 4 times in
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successive washes of Tris-buffered saline containing 0.05 %
Tween 20, and Tris-buffered saline. To detect bound lectin, the
labeled anti-His antibody (70 pl at one pg/ml in binding
buffer) was applied to the slide under a cover slip. After
removal of the coverslip and gentle washing of the slide as
described above, this process was repeated with Alexa633
labeled goat anti-mouse IgG (Invitrogen, Eugene, OR) and
the slide was finally washed in deionized water and spun in a
slide centrifuge for approximately 15 s to dry. The slide was
immediately scanned in a PerkinElmer ProScanArray
MicroArray Scanner using an excitation wavelength of
633 nm and ImaGene software (BioDiscovery, Inc., El
Segundo, CA) to quantify fluorescence. The data are reported
as average Relative Fluorescence Units (RFU) of six repli-
cates for each glycan presented on the array after removing the
highest and lowest values.

Analytical methods

The Coomassie (Bradford) Protein Assay Kit (Thermo
Fischer Scientific, Rockford, IL USA) was used to measure
the protein concentration based on the Bradford dye-binding
procedure [23]. SDS-PAGE was performed using 15 %
polyacrylamide gels under reducing conditions as described
by Laemmli [24]. Proteins were visualized by staining with
Coomassie Brilliant Blue R-250. For Western blot analysis,
samples separated by SDS-PAGE were electrotransferred to
0.45 pum polyvinylidene fluoride (PVDF) membranes
(Biotrace™ PVDF, PALL, Gelman Laboratory, Ann Arbor,
MI USA). Blots were blocked for 1 h in Tris-Buffered
Saline (TBS: 10 mM Tris, 150 mM NaCl and 0.1 % (v/v)
Triton X-100, pH 7.6) containing 5 % (w/v) milk powder.
Afterwards, blots were incubated for 1 h with a mouse
monoclonal anti-His (C-terminal) antibody (Invitrogen), di-
luted 1/5000 in TBS. The secondary antibody was a 1/1000
diluted rabbit anti-mouse IgG labelled with horse radish
peroxidase (Dako Cytomation, Glostrup, Denmark).
Immunodetection was achieved by a colorimetric assay
using 3,3'-diaminobenzidine tetrahydrochloride (Sigma-
Aldrich, St. Louis Missouri, USA) as a substrate. All washes
and incubations were conducted at room temperature with
gentle shaking.

Results

Three-dimensional models for EEA and EUL domains
in OrysaEULS?2 and ArathEULS3

Alignment of the protein sequences encoding EEA,
ArathEULS3 and OrysaEULS2 revealed 66 % sequence
similarity in their C-terminal EUL domain. Both

ArathEULS3 and OrysaEULS2 contain an unrelated N-
terminal domain, which is absent from EEA (Fig. 2b).
Molecular modeling was performed for the EUL domains
in all three proteins using the three-dimensional structure of
the holotoxin from B. sphaericus (2VSE). In spite of the
rather moderate percentages of identity (~20 %) and simi-
larity (~50 %) between the three EUL domains and the
holotoxin, the HCA plots revealed a closely related overall
fold for all these proteins. Accordingly, the three-
dimensional models built for all EUL proteins exhibited a
very similar (3-trefoil fold consisting of three bundles of 3-
sheet organized around a pseudo three-fold symmetry axis
(Fig. la) and are nicely superposable (Fig. 1b). This f3-
trefoil structure is reminiscent to that found in ricin-B and
other lectins from the ricin-B family [25]. EUL domains in
both EEA (Cys16) and the ArathEULS3 (Cys57) contain a
single Cys residue, whereas EULS2 contains three Cys
residues (Cys3, Cys100, and Cys135), respectively, that
are too far from each other to create intra-chain disulphide
bonds.

Prediction of putative carbohydrate binding site

Based on the comparison of the three EUL lectins and the C-
terminal domain of some bacterial lectins of the ricin-B
family and, especially the HA33/A protein from C. botuli-
num (PDB code 1YBI) [26], a putative carbohydrate-
binding site consisting of four well conserved residues
(Glul24, Trpl43, Asnl48, GInl149 for EEA; Aspll19,
Trpl41, Asnl46, GInl147 for the EUL domain in
ArathEULS3 from Arabidopsis, and Aspl12, Trpl134,
Asnl139, GInl140 for EULS2 from rice) was predicted
to occur at the C-terminal end of each of the EUL
domains (Fig. lc,f,i). These extremely conserved
carbohydrate-binding sites appear as a charged groove
as shown from the mapping of the electrostatic poten-
tials on the molecular surface of the lectins (Fig. 1d,g,j).
Another aromatic residue located in the vicinity of the
putative carbohydrate-binding site, e.g. Tyrl47 in EEA
and Trpl132, Trpl139 in the EUL domains of
ArathEULS3 and OrysaEULS2, respectively, could also
participate in stacking interactions that often reinforce
the binding of a simple sugar to the carbohydrate-
binding site of plant lectins [27]. However, a careful
examination of the exposure of the residues forming the
carbohydrate-binding sites revealed some discrepancies
among the three models, depending on the conformation
of a loop located in the close vicinity of the site. In the
EUL domain of OrysaEULS2, the loop extends on the
Asnl39 residue in such a way that this residue, which
plays a crucial role in the binding of saccharides by
lectins of the ricin-B family, becomes almost completely
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Fig. 1 a. Ribbon diagram of EEA showing the three bundles of f3-
sheet in different colors (orange, green, magenta) associated to the
extended loops (indicated by stars) forming the three lobes of the (3-
trefoil. b. Superposition of the three models for EEA and the EUL
domains of ArathEUL3 and OrysaEULS2 showing a similar three-
dimensional fold. Panels c, f and i show ribbon diagrams of EEA (c),
and EUL domains of ArathEUL3 (f) and OrysaEULS2 (i). The strands
of (-sheet and the loops and coil regions are colored red, green and
cyan, respectively. N and C indicate the N-terminal and C-terminal
ends of the polypeptide chain. The amino acid residues predicted to
form a carbohydrate-binding site in a loop located at the C-terminal
end of the polypeptide chain are represented in cyan sticks and labelled

buried (Fig. 1k). In this respect, OrysaEULS2 readily
differs from EEA and ArathEULS3, since in the latter
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(according to the sequence). Panels d, g and j show the mapping of the
electrostatic potentials on the molecular surface of EEA (d), EUL
domains of ArathEULS3 (g) and OrysaEULS2 (j). Electropositively
and electronegatively charged regions are colored blue and red, respec-
tively; neutral regions are colored white. The stars indicate the local-
ization of the putative carbohydrate-binding sites. Panels e, h and k
show an enlarged view of the carbohydrate-binding sites of EEA (e),
EUL domains of ArathEUL3 (h) and OrysaEULS2 (k). The four amino
acid residues forming the carbohydrate-binding sites are represented in
sticks and labelled (according to the built three-dimensional models).
The loop masking Asn139 residue in the EUL domain from Ory-
saEULS?2 is indicated by a star

lectins the corresponding Asn residue remains fully ex-
posed (Fig. le,h).
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Purification and characterization of the recombinant
proteins from Pichia pastoris

Mutational analysis was conducted to validate the putative
carbohydrate binding site in the EULS2 domain of
OrysaEULS2. Therefore, some amino acids predicted to be
part of the carbohydrate binding site were mutated (Fig. 2b).
In mutant form 1, a point mutation was introduced into
the coding sequence of EULS2 to replace Trp134 (Trp190
in full protein sequence) by leucine. A second point
mutation involving the change of Asn139 (Asn195 in full
protein sequence) into serine was introduced in the coding
sequence of mutant form 1, resulting in mutant form 2. To
construct mutant form 3, GIn140 (GIn196 in full protein
sequence) was mutated into leucine starting from the
coding sequence of mutant form 2. As a result mutant

a

forms 2 and 3 contain two and three amino acid changes,
respectively.

The coding sequences for the native EUL domain from
OrysaEULS2 and all mutant forms were cloned into the
Pichia pastoris expression vector pPICZxA downstream
from the o-mating sequence from Saccharomyces cerevisiae
(for secretion) and upstream from the c-myc epitope and a C-
terminal polyhistidine tag (His tag). The resulting cassettes
were electroporated into Pichia strain X-33. Transformed
colonies were grown in 1 1 cultures and subsequently, recom-
binant proteins were purified using several chromatographic
steps. Approximately 4 to 6 mg was purified for EULS2 and
its mutant forms from the medium of 1 L Pichia culture
induced with methanol for three days. The partially purified
EULS2 was also retained on a column with immobilized
thyroglobulin.

M!RFPSIFTAVLFAASSALAAPVNTTTEDETAQIPAEAVIGYSDLEGDFDVAVLPFSNSTNNG

LLFINTTIASIAAKEEGVSLEKRECAS'EASEFTM *VYCRANPNYAMTARNGAVVLAPANPKD
EYQHWIKDMRWSTSIKDEEGYPAFALVNKATGQAIKHSLGQSHPVRLVPYNPEVMDESVLWTE
SRDVGNGFRCIRMVNNIYLNFDAFHGDKYHGGVRDGTDIVLWKWCEGDNQRWKIQPYYILEQK
LISEEDLNSAVDH?>°HHHHH?%4*
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*k k. ok k. skkkkkk . .. * koo k . * * TLx L * : . R * .

v vy

OrysaEULS2 LWKWCEGDNQRWKIQPYY- 148
ArathEULS3 LWDWNKGDNQLWKIFPF-- 154
EEA GGVWIDAYNQQWKIEPHTG 158

* o kk kkk k|

Fig. 2 a Sequence of recombinant EULS2 expressed in Pichia, pre-
ceded by an N-terminal signal peptide (residues 1 to 89) necessary for
secretion and a C-terminal tag containing a c-myc epitope and a (His),
tag (residues 259 to 264). The cleavage sites for the signal peptide are
indicated (Kex2 protease site at position 86 and Ste 13 protease sites at
positions 87 and 89). The N-terminal sequence of recombinant EULS2
determined by Edman degradation is underlined. b Sequence

alignment for OrysaEULS2, ArathEULS3 and EEA. Amino acid res-
idues suggested to be important for the formation of the carbohydrate
binding site are indicated in bold. Mutated residues are indicated by
arrows. The unrelated N-terminal sequences in OrysaEULS2 and Ara-
thEULS3 are shown in red and italics. Residues being the first amino
acid of the EUL domain in the three proteins are underlined. *:
identical residues and .: similar residues
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As shown by SDS-PAGE analysis (Fig. 3a), the molecu-
lar mass of the recombinant proteins is approximately
20.5 kDa. This result is in a good agreement with the
calculated molecular mass from the primary sequence to-
gether with the C-terminal c-myc and His tags. In addition,
western blot analysis using a monoclonal antibody directed
against the His- tag confirmed this result (Fig 3b). Edman
degradation of the recombinant EULS2 domain yielded the
sequence EAEAEFTMVYXRANPNYAMT and revealed
that part of the signal peptide was not completely cleaved
(Fig. 2a), resulting in a polypeptide with a calculated mo-
lecular mass of 20.7 kDa.

Biological activity and carbohydrate binding specificity
of the recombinant proteins

The biological activity for the recombinant proteins was in-
vestigated using agglutination tests with rabbit erythrocytes.
Agglutination of red blood cells was observed for EULS2
after 30 min, the minimal protein concentration for agglutina-
tion being 54 pg/ml. No agglutination activity was seen for
any of the three mutant forms. Inhibition assays showed that
agglutination of erythrocytes by the recombinant EULS2 was
inhibited by some carbohydrates [mannose (50 mM) and
methyl o-mannopyranoside (100 mM)] and glycoproteins
[thyroglobulin (100 pg/ml), ovomucoid (200 pg/ml) and
asialomucin (100 pg/ml)]. More detailed data were obtained
by screening the labeled proteins on the glycan array.

The interactions of EULS2 and its mutant forms at
200 pg/ml with glycans on the array are shown in Fig. 4.
The interaction of the protein with the array was relatively
weak compared to other related lectins such as EEA [4] and
ArathEULS3 [15]. The data in Fig. 4 were obtained using a
secondary antibody labeled with Alexa633, which is 10
times more sensitive than the normally used Alexa488 label.
Nevertheless, there was sufficient binding of the wild type

a b

lectin (Fig. 4a) to discern some specificity since it has been
demonstrated that lectin binding to the array measured as
RFU is directly related to the relative binding strength of the
interaction [28]. The strongest binding glycans are summa-
rized in Table 2 and indicate that EULS2 exhibits selectivity
toward the high mannose N-linked glycans, especially
ManzGlcNAc, (glycans #51 and 52) with somewhat lower
binding to MansGlcNAc, (#217), MansGlcNAc, #216),
Man,;GlcNAc, (#211), MangGlcNAc, (#212), and
ManyGIcNAc, (#213). Interestingly, no binding was ob-
served by the lectin to the high mannose structures without
the chitobiose core including Mans (#214), Mans (#215 and
315), Mang, (#316), and Mang, (#317) (data not shown in
Table 2) indicating the binding required the chitobiose core.
All mutant forms of EULS2 showed a strongly reduced
binding (at least 10-fold lower) to the glycan array
(Fig. 4b—d).

Discussion

In an attempt to gain more information on the carbohydrate-
binding properties of the extended family of EUL proteins
in rice we selected the OrysaEULS2 protein as a model.
This protein is of particular interest because expression of
the protein is specifically induced after stress treatment of
rice plants; in particular NaCl and ABA treatment enhance
the expression of the lectin [6]. Since inducible lectins are
expressed in response to (a)biotic stress factors, it is be-
lieved that these lectins are involved in stress signaling [29].
In this paper we describe the expression of the EUL domain
from OrysaEULS?2 in Pichia pastoris. Recombinant EULS2
was secreted in the medium and purified successfully using
different chromatographic steps, including an affinity chro-
matography on immobilized thyroglobulin, suggesting its
binding to glycan structures.

26kDa [

17 kDa

26 kDa

17 kDa

Fig. 3 Purified EUL domain from OrysaEULS2 and its mutant forms
were analyzed by SDS-PAGE (a) and Western blot analysis with a
monoclonal anti-His antibody (b). Samples are loaded as follows: lane
1: protein ladder (increasing molecular mass: 10, 17, 26, 34, 43, 55, 72,
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95, 130, 170 kDa) (Fermentas, St. Leon-Rot, Germany), lane 2: EUL
domain from OrysaEULS2, lanes 3—5: mutant forms 1-3. Approxi-
mately, 1.5 ug of each protein was loaded in (a) and 0.5 pg in (b)
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Fig. 4 Comparative analysis of the glycan array binding of the recom-
binant EUL domain from OrysaEULS2 (a) and mutant forms 1-3 (b—
d) tested at 200 pg/ml. The complete primary data set for each protein

After purification one polypeptide of approximately
20 kDa was detected by SDS-PAGE and western blot analysis.
Edman degradation for the native EULS2 yielded an amino
acid sequence corresponding to the N-terminus of the EULS2
domain containing five residues of the Saccharomyces signal
peptide used to secrete the recombinant protein into the me-
dium. Incomplete processing of the o-mating sequence has
been reported before [12, 14, 30]. The EA repeats are neces-
sary for the function of Kex2 protease but removing them with
the Ste 13 protease has been shown to be an inefficient process
[31]. The recombinant EULS2 protein agglutinated rabbit red
blood cells, albeit at a rather high protein concentration of
54 pg/ml. Since the specific agglutination activity of EEA
required only 1.7 pg/ml, it can be concluded that the aggluti-
nation activity of EULS2 is low. Nevertheless the protein was
bound to a thyroglobulin column and its agglutination was
inhibited by mannose, methyl «-mannopyranoside and some
glycoproteins. Previous data have clearly shown that most
plant lectins show a much better interaction with glycans or

is available on the website of the Consortium for Functional Glycomics
(www.functionalglycomics.org)

more complex sugars, rather than monosaccharides [27].
Carbohydrate-binding activity of EUL domain from
OrysaEULS2 was further confirmed by glycan array analyses
showing interaction of the protein especially with high man-
nose N-glycans and to a lesser extent with N-glycans contain-
ing lactosamine structures (Galf31-3GIcNAc and Galf31-
4GIcNAc). Therefore, it can be concluded that the
OrysaEULS2 protein is a functional carbohydrate binding
protein.

A three dimensional model was built for the EUL domain
in OrysaEULS2 and compared to the EUL domains in
ArathEULS3 and EEA. The EUL domains in all three
proteins showed three bundles of (3-sheet forming a (3-
trefoil fold. Despite the strong resemblance in overall fold
between the three proteins, there are also clear differences in
the overall structure and the charge distribution on the
protein surface. In particular the positioning of Asnl139 in
the EUL domain from OrysaEULS2 could influence the
carbohydrate binding properties of this protein. Previously,
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Table 2 Overview of the top 30 glycans interacting with the EUL
domain from OrysaEULS2. Lactosamine structures are underlined.
Terminal GlcNAc is shown in italic. The glycan with the highest

relative fluorescence unit (RFU) is assigned a value of 100. The rank
is the percentile ranking. Similar glycan structures are grouped together
and ordered in a descending way according to the RFU% in each group

Glycan  Structure RFU%
no
N-linked high mannose glycans
51 Manal-6(Manal-3)Manf1-4GlcNAcB1-4GIlcNAcB-Sp13 100.0
50 Manal-6(Manal-3)Manf1-4GlcNAcB1-4GIcNAcB-Sp12 99.8
217 Manal-6(Manal-3)Manoal-6(Manal-3)Manf1-4GlcNAcB1-4GlcNAcB-Sp12 50.5
216 Mano1-6(Manal-3)Manal-6(Manal-2Manal-3)ManB1-4GlcNAcB1-4GlcNAcB-Sp12 49.9
211 Manal-6(Manal-2Manal-3)Manal-6(Manal-2Manal-3)Manf1-4GlcNAcB1-4GIcNAcB-Sp12 35.6
212 Manal-2Manal-6(Manal-3)Manal-6(Manal-2Manal-2Manal-3)Manf1-4GIcNAcB1-4GlcNAcB-Sp12 34.1
213 Manal-2Manal-6(Manal-2Mana1-3)Manal-6(Manal-2Manal-2Manal-3)Manf31-4GlcNAcB1-4GlcNAcB-Sp12 13.6
314 Manal-6Manf-Sp10 13.1
Lactosamine related structures
404 Gala1-4GalB1-3GIcNAcB1-2Mano1-6(Gala1-4GalB1-3GIcNAcB1-2Mana.1-3)Manf1-4GlcNAcB1-4GlcNAcB-Sp19 19.7
319 NeuSAco2-6Galp1-4GlcNAcB1-2Manal-6(NeuSAco2-3Galp1-4GIlcNAcB1-2Manal-3)ManB1-4GlcNAcB1-4GIcNAcB-Sp12 16.6
459 GalB1-4GIcNAcB1-6(GalB1-4GlcNAcB1-2)Manal-6(GalB1-4GlcNAcB1-2Manal-3)ManB1-4GleNAcB1-4GIcNAcB-Sp19 16.5
320 GalB1-4GIcNAcB1-2Manal-6(Neu5SAca2-6GalB1-4GlcNAcB1-2Mana1-3)ManB1-4GlcNAcB1-4GleNAcB-Sp12 15.1
54 GalB1-4GIcNAcB1-2Mana.1-6(GalB1-4GIcNAcB1-2Mana.l-3)ManB1-4GlcNAcB1-4GIcNAcB-Sp12 14.2
364 Galal-3GalB1-4GIcNAcB1-2Manal-6(Galal-3GalB1-4GIcNAcB1-2Manal-3)ManB1-4GlcNAcB1-4GIcNAcB-Sp20 13.6
325 GalB1-3GlcNAcB1-2Mana1-6(GalB1-3GlcNAcB1-2Manal-3)ManfB1-4GIcNAcB1-4GlcNAcB-Sp19 13.1
543 Galp1-4GIcNAcB1-3Galf1-4GlcNAcB1-2Mana1-6(Galf1-4GlcNAcB1-3GalB1-4GlcNAcB1-2Mana1-3)Manf1-4GIcNAcB1- 12.7
4GlcNAcB-SpZ4 -
362 Fucal-2GalB1-4GIcNAcB1-2Manal-6(Fucal-2GalB1-4GlcNAcB1-2Mana1-3)Manf 1-4GlcNAcB1-4GIcNAcB-Sp20 11.7
55 Neu5Aca2-6GalB1-4GlcNAcB1-2Manal-6(NeuSAco2-6GalB1-4GlcNAcB1-2Mano1-3)ManB1-4GlcNAcP1-4GleNAcB-Sp12 11.5
Mannose /Lactosamine hybrid structures
365 GalB1-4GIcNAcB1-2Manal-6(Manal-3)Manf1-4GIlcNAcB1-4GlcNAcB-Sp12 52.1
346 Neu5Aco2-6Galf1-4GIcNAcB1-2Manal-6(Mano1-3)ManB1-4GlcNAcB1-4GleNAc-Sp12 26.4
398 GlecNAcB1-2Manal-6(GalB1-4GlcNAcB1-2Manal-3)ManB1-4GleNAcB1-4GlcNAc-Sp12 22.8
352 Mana1-6(Galb1-4GIcNAcB1-2Mana1-3)Manf1-4GIcNAcB1-4GlcNAcB-Sp12 12.3
309 Neu5Aca2-6Galf1-4GIcNAcB1-2Manal-6(GleNAcB1-2Manal-3)ManB1-4GleNAcB1-4GIcNAcB-Sp12 17.1
350 GalB1-4GIcNAcB1-2Manal-3ManB1-4GlcNAcB1-4GIlcNAc-Sp12 17.0
399 Galb1-4GIcNAcB1-2Manal-6(GleNAcB1-2Mana1-3)Manf1-4GlcNAcB1-4GlcNAc-Sp12 14.9
347 Mano1-6(NeuSAca2-6GalB1-4GlcNAcB1-2Manal-3)ManB1-4GleNAcB1-4GIcNAc-Sp12 14.2
321 GlcNAcB1-2Mano1-6(NeuSAco2-6GalB1-4GIcNAcB1-2Manal-3)ManB1-4GIlcNAcB1-4GlcNAcB-Sp12 11.7
GlcNAc terminated structures
53 GlcNAcB1-2Manal-6(GlcNAcB1-2Manal-3)ManfB1-4GleNAcB1-4GleNAcB-Sp13 33.7
52 GlcNAcB1-2Manal-6(GlcNAcB1-2Manal-3)ManfB1-4GleNAcB1-4GlcNAcB-Sp12 22.6
422 GlcNAcB1-2(GleNAcB1-6)Manal-6(GlcNAcpl-2Manal-3)ManB1-4GleNAcB1-4GleNAcB-Sp19 15.0

it was shown that the hydrogen bond network anchoring
galactose to both carbohydrate binding sites of the ricin-B
chain predominantly involves O3 and, to a lesser extent, O4
of the sugar. An Asn residue creates a hydrogen bond with
O3 of galactose which reinforces the binding of this oxygen
to the lectin (PDB code 2AAI) [32]. An Asn residue also
occurs in the carbohydrate binding sites of the ricin-B do-
main of Streptomyces olivaceoviridis xylanase (PDB code
11SZ) [33] and the C-terminal domain of the HA33/A pro-
tein from Clostridium botulinum (PDB code 1YBI) [34],
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which similarly participate in the binding of the sugar.
Residues Asnl148 of EEA and Asnl146 of the EUL domain
in ArathEULS3, which occupy a similar position in the
respective lectins, could also contribute to the binding of
the sugars to the active carbohydrate binding sites.
However, the corresponding Asnl39 in the EUL domain
from OrysaEULS2 is apparently masked by an extended
loop that protrudes in the vicinity of the carbohydrate bind-
ing site, and thus this residue should no longer be available
for a hydrogen bond interaction with the sugar. According to
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this structural discrepancy, the EUL domain in OrysaEULS2
is predicted to display a weaker carbohydrate-binding ca-
pacity, compared to the EEA and ArathEUL3 lectins, which
is in agreement with the low specific agglutination activity
observed for EULS2. Possibly this loop can also be (partly)
responsible for some of the changes in specificity between
the different EUL lectins.

To validate our proposed model for the EUL domain in
OrysaEULS2 and especially the position of the carbohy-
drate binding site, three mutant forms were created,
expressed in Pichia and the mutant proteins were purified.
All three mutants clearly showed a reduced binding to the
glycan array since the glycan interaction measured as rela-
tive fluorescence units was approximately 10 times lower
compared to the native protein. This is also in agreement
with the absence of agglutination activity for the mutant
proteins.

Due to the low binding of recombinant EUL domain
from OrysaEULS2 with the array it is difficult to interpret
the results for the different mutants quantitatively. In any
case reduced binding was observed for all mutants indicat-
ing that the mutation of a single residue (Trp134 as in
mutant 1) already affected the carbohydrate-binding proper-
ties of the EUL domain. The importance of Trp for the
configuration of a functional carbohydrate binding site was
reported for many lectins belonging to different lectin fam-
ilies [35]. The results obtained with the other mutants do not
allow us to conclude if the additional mutation of residues
Asnl139 and GInl140 yielded a stronger reduction of the
carbohydrate binding activity.

Several nucleocytoplasmic lectins have been identified in
rice, among which multiple putative lectins with EUL
domains and one jacalin related lectin, Orysata. The latter
protein has been characterized in detail and its carbohydrate
binding properties were investigated using the glycan array
technology. Orysata shows affinity towards high-mannose
and complex N-glycans [14]. The protein reacts equally well
with both types of glycans. A closer investigation of the
carbohydrate specificity of Orysata also revealed that among
the complex N-glycans interacting with Orysata there are
several glycans containing lactosamine structures. In this
respect the specificity of Orysata resembles that of the
EUL domain within OrysaEULS2. However, it should be
mentioned that OrysaEULS2 reacts much better with the
high mannose structures compared to the more complex
structures.

OrysaEULS2 belongs to the family of EUL-related lec-
tins since its EUL domain shows 46 % sequence identity to
the sequence of EEA. It was previously reported that the
specificity of EEA is directed towards two major groups of
glycans, being the blood type B (Galxl-3(Fucxl-2)
Gal3 1-4GIcNAc) oligosaccharides and N-linked high man-
nose glycans [4]. Since the fluorescence units for the high

mannose N-glycans were roughly 10-fold lower than for the
blood group B oligosaccharides it was concluded that EEA
has a much higher affinity for the blood group B substances.
A comparative analysis of the glycan array data for EEA and
the recombinant EUL domain from OrysaEULS2 suggests
the opposite binding pattern for OrysaEULS2 in that the
interaction with high mannose N-glycans is much better
than with complex structures. However, it should be men-
tioned that the binding of OrysaEULS2 with the array was
much weaker than for EEA.

Recently, another lectin from the family of EUL-related
lectins was analyzed on the glycan array. ArathEULS3 from
Arabidopsis thaliana belongs to the S3 type EUL proteins
which is ubiquitous in the plant kingdom, and therefore more
widespread than the EULS2 type. Both the full protein
ArathEULS3 and its EUL domain were expressed in Pichia
and the recombinant proteins were analyzed on the glycan
array. Both proteins yielded similar results and reacted with
glycans containing one or more Lewis X (Galf3 1-4(Fucx1-3)
GlcNAc), Lewis Y (Fucal-2Galf3 1-4(Fucx1-3)GIcNAc) or
lactosamine motifs [15]. Both for ArathEULS3 and EEA there
is evidence that lactosamine structures in both N- and O-
glycans will react with these lectins, whereas in EULS2 and
Orysata only lactosamine structures in N-glycans were
reactive.

From the comparative analysis between EEA,
OrysaEULS2 and ArathEULS3, belonging to the type SO,
type S2 and type S3 class of EUL-related lectins, respec-
tively, it is clear that even though these three lectins belong
to the same family, their specificity has evolved in a differ-
ent way. Our results indicate that gene divergence within the
family of EUL-related lectins lead to changes in carbohy-
drate binding specificity. Previously it was also shown that
gene divergence within the legume lectin family [36], the
jacalin-related lectins [37] and the GNA-related lectins [13]
has resulted in changes in carbohydrate-binding specificity.
Furthermore, evidence shows that the ricin-B domain also
displays considerable plasticity in its carbohydrate-binding
specificity. For instance, the type 2 ribosome-inactivating
protein from Dutch Iris exhibits specificity towards Gal/
GalNAc but also towards mannose, indicating that ricin-B
domain can also accommodate mannose [38]. Similarly, the
carbohydrate-binding module of xylanase 10A from
Streptomyces lividans, which shows structural similarity to
the ricin-B domain, cannot only bind lactose and galactose
but also interacts with the polysaccharide xylan [39].
Structural evidence suggests that subtle changes in the ami-
no acids building the carbohydrate-binding site or surround-
ing the site can provoke changes in its specificity [27].
Hence, one should be very careful when trying to predict
the carbohydrate-binding properties of lectins.

Blood group B, Lewis X, Lewis Y and lactosamine
structures are well-studied in higher animals (including
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human beings) [40], bacteria and viruses [41-43]. However,
in plants only the Lewis A (Galf1-3(Fucx1-4) GlcNAc)
motif has been identified [44—46]. At present very little is
known about the distribution and physiological importance
of lactosamine related structures in plants. Therefore, more
research is needed in order to elucidate the importance of the
carbohydrate-binding activity for the physiological role of
OrysaEULS2.
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