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The Arabidopsis thaliana genome contains a small group of bipartite F-box proteins, consisting of an
N-terminal F-box domain and a C-terminal domain sharing sequence similarity with Nictaba, the
jasmonate-induced glycan-binding protein (lectin) from tobacco. Based on the high sequence simi-
larity between the C-terminal domain of these proteins and Nictaba, the hypothesis was put forward
that the so-called F-box-Nictaba proteins possess carbohydrate-binding activity and accordingly can
be considered functional homologs of the mammalian sugar-binding F-box or Fbs proteins which are
involved in proteasomal degradation of glycoproteins. To obtain experimental evidence for the car-
bohydrate-binding activity and specificity of the A. thaliana F-box-Nictaba proteins, both the com-
plete F-box-Nictaba sequence of one selected Arabidopsis F-box protein (in casu At2g02360) as
well as the Nictaba-like domain only were expressed in Pichia pastoris and analyzed by affinity chro-
matography, agglutination assays and glycan micro-array binding assays. These results demon-
strated that the C-terminal Nictaba-like domain provides the F-box-protein with a carbohydrate-
binding activity that is specifically directed against N- and O-glycans containing N-acetyllactosamine
(Galp1-3GIcNAc and Galp1-4GIcNAc) and poly-N-acetyllactosamine ([Galp1-4GIcNAc],) as well as
Lewis A (Galp1-3(Fuca1-4)GIcNAc), Lewis X (Galp1-4(Fuca1-3)GIcNAc, Lewis Y (Fucal-2Galpl-
4(Fuca1-3)GIcNAc) and blood type B (Gala1-3(Fuca1-2)Galg1-3GIcNAc) motifs. Based on these find-
ings one can reasonably conclude that at least the A. thaliana F-box-Nictaba protein encoded by
At2g02360 can act as a carbohydrate-binding protein. The results from the glycan array assays
revealed differences in sugar-binding specificity between the F-box protein and Nictaba, indicating
that the same carbohydrate-binding motif can accommodate unrelated oligosaccharides.

© 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.

1. Introduction

the entire tobacco lectin subunit it will further be referred to as
the ‘Nictaba domain’.

The discovery of Nictaba, a jasmonate-induced lectin in tobacco
(Nicotiana tabacum) leaves, made an important contribution to
plant glycobiology during the last decade [1,2]. For the first time
evidence was presented that application of one plant hormone in-
duced expression of a specific lectin in plants. In addition, the iden-
tification of Nictaba as a cytoplasmic/nuclear lectin preferentially
interacting with N-acetylglucosamine (GIcNAc) oligomers put the
search for the physiological role of plant lectins in a new perspec-
tive. Subsequent in silico analyses revealed that the 165 amino acid
residue subunit of the Nictaba homodimer represents a structural
(carbohydrate-binding) motif that might well be ubiquitous in ter-
restrial plants. Since all evidence indicates that this motif covers

Abbreviations: Fbs, sugar-binding F-box protein; LacNAc, N-acetyllactosamine;
Nictaba, Nicotiana tabacum agglutinin
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True orthologs/homologs consisting of only Nictaba domain(s) are
not widespread but numerous chimera proteins could be identified
which possess a Nictaba domain fused to unrelated N- and C-terminal
domains. Moreover, in silico analyses revealed that all currently se-
quenced plant genomes contain genes encoding proteins with a Nicta-
ba-like domain either or not fused to an unrelated domain [3]. For some
of the expressed proteins, evidence could be presented that they pos-
sess lectin activity owing to their Nictaba domain. For example, the well
documented family of phloem lectins from Cucurbitaceae, also known
as the PP2 proteins [4,5], groups proteins with an active GIcNAc-bind-
ing Nictaba-like domain linked to an undefined N-terminal domain and
a short cysteine-rich C-terminal peptide. The PP2-A1 protein from Ara-
bidopsis is composed of N-terminal domain followed by a Nictaba do-
main and has been shown to exhibit a carbohydrate-binding specificity
similar to Nictaba [6].

A comprehensive analysis of the Arabidopsis genome/transcrip-
tome revealed the occurrence of chimera proteins in which a
Nictaba-like domain is C-terminally fused to an F-box domain
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[7-9]. F-box domains are conserved, structural motifs of 40-50
amino acid residues commonly used in F-box proteins as a protein
-protein interaction domain involved in the direct binding of
F-box proteins to the protein Skp1 [10]. Complexes consisting of
Skp, Cullin and an F-box protein (SCF complexes) play a role in ubiq-
uitin labeling of proteins destined for proteasomal degradation
[11]. Within F-box proteins, F-box domains are mostly used in con-
cert with other (C-terminal) protein-protein interaction domains
such as leucine-rich repeats or WD repeats. Based on this bipartite
structure, F-box proteins can assemble into functional SCF com-
plexes and recruit proteins that are destined for degradation to
the complex for ubiquitin labeling [12].

Although these F-box-Nictaba like sequences were first identified
in Arabidopsis, homologs occur in all plant genomes sequenced thus
far. Moreover, most plant transcriptomes comprise sequences
encoding F-box-Nictaba chimers indicating that this group of pro-
teins is widely expressed in plants [9]. Though not conclusive the
apparently ubiquitous occurrence and expression of the genes indi-
cate that the F-box-Nictaba proteins might fulfill a universal role in
plants. Due to the presence of the F-box domain it is tempting to
hypothesize that the F-box-Nictaba proteins are somehow involved
in a proteasomal protein degradation process. This hypothesis fol-
lows the concept that the F-box-Nictaba proteins can be considered
functional homologs of the mammalian Fbs proteins. These mam-
malian Fbs proteins also consist of an N-terminal F-box domain
and a C-terminal carbohydrate-binding domain (unrelated to Nicta-
ba), and are known to play a role in cytosolic proteasomal degrada-
tion of glycoproteins [13]. For the F-box-Nictaba protein under
study, it has even been shown that it can interact with Skp1 homo-
logs expressed in Arabidopsis [14].

To test the hypothesis of being functional homologs of the mam-
malian Fbs proteins the presumed carbohydrate-binding activity of
the Nictaba domain of the plant F-box-lectin needs to be supported
by experimental evidence. Sequence alignments indicated that the
deduced amino acid sequences of the Nictaba domain of Arabidopsis
thaliana F-box-Nictaba proteins share approximately 40% overall se-
quence similarity with Nictaba itself [9]. However, since this cannot
guarantee that the carbohydrate-binding activity and specificity are
conserved the lectin activity of the Arabidopsis F-box-Nictaba
protein encoded by At2g02360 was investigated in detail. The
At2g02360 sequence was selected because it shares the highest
sequence similarity (64%) to Nictaba. To corroborate the carbohy-
drate-binding properties of this F-box-Nictaba protein the recombi-
nant full length protein as well as the composing Nictaba domain
were produced in Pichia pastoris and subsequently the recombinant
proteins were purified and characterized. Here we show that both
the entire F-box-Nictaba protein and its Nictaba domain possess car-
bohydrate-binding activity and exhibit virtually the same specificity
towards N- and O-glycans containing N-acetyllactosamine (LacNAc)
(Galp1-3GIcNAc and Galp1-4GIcNAc) and poly-LacNAc ([Galpl-
4GIcNAC],) as well as Lewis A (Galp1-3(Fuca1-4)GIcNAc), Lewis X
(Galp1-4(Fuca1-3)GIcNAc, Lewis Y (Fuca1-2GalB1-4(Fuca1-3)Glc-
NAc) and blood type B (Gala1-3(Fuca1-2)GalB1-3GlcNAc) motifs.
This specificity differs from the preferential binding of the tobacco
lectin to high-mannose N-glycans [15,16] which illustrates once
more that the same structural motif can accommodate different
oligosaccharides depending on the atomic structure of the lectin
binding site(s).

2. Materials and methods
2.1. Construction of expression vectors

Cloning and heterologous expression of recombinant proteins
were performed using the EasySelect™ Pichia Expression Kit from

Invitrogen (Invitrogen, Carlsbad, CA, USA). The full-length cDNA
template for At2g02360 (BX820545) was ordered from the INRA
(Institut National de la Recherche Agronomique), Centre de Tou-
louse, Unité de Recherche 1258-CNRGV (Centre National de Res-
sources Génomiques Végétales) (Castanet-Tolosan Cedex, France).
The full-length F-box-Nictaba cDNA sequence was amplified by
PCR using the forward primer evd 553 (5'-GGACACGTGGGGGA-
GAAAACGCAGAGTTAAATCGG-3') and a reverse primer evd 554
(5'-GCTTCCGCGGCGAGGATTTTAGCAGGTCGGATTTC-3’) under the
following PCR conditions: 2 min denaturation at 95 °C, 30 cycles of
155-95°C,305-60°C,1 min20 s —72 °C,additional 5 min elonga-
tion at 72 °C. Amplification of the Nictaba domain alone was
achieved with forward primer evd 360 (5-GGCGGAGAATTCAGCG-
TATGGTTAGAGAAAGCGAGTGGG-3’) and reverse primer evd 359
(5'-CCCGCTTGCGGCCGCGAGGATTTTAGCAGGTCGGATTTC-3’) using
the following PCR conditions: 2 min denaturation at 94 °C, 25 cycles
of 155 -94°C,30s - 50 °C, 1 min - 72 °C, additional 5 min elonga-
tion at 72 °C. The amplified sequences were double digested with
the restriction enzymes Pmll and Sacll (Fermentas, St. Leon-Rot,
Germany) and the resulting fragment was cloned in the shuttle vec-
tor pPICZoA. After transformation into E. coli Top10F cells using heat
shock transformation E. coli transformants were selected on LB agar
plates containing zeocin (100 pg/mL) and checked by colony PCR
using 5 and 3’-AOX1 specific primers (forward evd 21, 5'-GAC-
TGGTTCCAATTGACAAGC-3' and reverse evd 22, 5-GCAAATGG-
CATTCTGACATCC-3’). PCR conditions were as follows: 12 min at
94 °C, 30 cyclesof 155 -94°C,30 s -48 °C, 1 min - 72 °C, additional
5 min elongation at 72 °C. Plasmids from transformed E. coli colonies
were purified using the E.Z.N.A. Plasmid Mini kit I (Omega Bio-Tek,
Norcross, GA, USA). Afterwards, the sequences of the fusion con-
structs were verified by DNA sequencing (LGC Genomics, Berlin,
Germany).

2.2. Pichia pastoris transformation and expression analysis

The plasmid DNA from selected E. coli cells was purified using
the NucleoBond® Xtra Midi kit (Macherey-Nagel, Diiren, Germany)
and linearized using the restriction enzyme Pmel (plasmid
construct for full-length F-box-Nictaba) or Sacl (plasmid construct
for Nictaba domain) (Fermentas) with overnight incubation at
37 °C. Subsequently, P. pastoris competent cells were transformed
with the linearized expression vector using electroporation
(Bio-Rad, Hercules, CA, USA) with the following pulse settings:
25 pF, 1.5kV and 125 Q. Transformants were selected on YPDS
plates (1% yeast extract, 2% peptone, 2% dextrose, 1 M sorbitol,
2% agar) containing 300 pg/ml zeocin.

For expression analysis, several colonies were inoculated in
5 mL BMGY medium containing 1% yeast extract, 2% peptone,
1.34% yeast nitrogen base with ammonium sulfate and without
amino acids, 4 x 1073% biotin, 100 mM potassium phosphate (pH
6.0), 1% glycerol and 100 pg/mL zeocin. Cultures were grown at
22 °C in a shaker at 220 rpm. After 24 h of incubation Pichia cells
were washed twice with sterilized water and transferred to
10 mL BMMY medium (BMGY medium containing 1% of methanol
instead of 1% of glycerol). Cultures were grown for 4 days under
the same conditions as before. Induction of recombinant protein
expression was achieved by adding methanol twice a day (once
in the morning and once in the evening) until a final concentration
of 1%. Proteins in the culture medium were precipitated with tri-
chloroacetic acid (10% final concentration) and analyzed by SDS-
PAGE and Western blotting.

For expression of the recombinant proteins in large cultures
transformed P. pastoris colonies were inoculated into 10 mL BMGY
medium and grown for 24 h at 22 °C in a shaker at 220 rpm. After-
wards, cultures were transferred to 50 mL BMGY in 250 mL Erlen-
meyer flasks and allowed to grow until the culture reached an
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optical density between 2 and 6 at 600 nm. Cells were then washed
twice with sterilized water and resuspended in 250 mL of BMMY
medium in 1L Erlenmeyer flasks. Cultures were grown for 3 days un-
der the same conditions as before. Induction of recombinant protein
expression was done by adding methanol twice a day until a final
concentration of 1%. After 3 days of methanol induction, cultures
were centrifuged for 10 min at 3000g and the culture medium was
collected. Proteins from the culture medium were precipitated using
ammonium sulfate at a final concentration of 80%. The culture med-
ium with precipitated proteins was stored at 4 °C until use.

2.3. Purification of recombinant proteins

Purification of recombinant proteins was achieved by 5 chromato-
graphic steps. The culture medium with precipitated proteins was
centrifuged at 17000g for 25 min and the resulting pellet was resus-
pended in phosphate buffered saline. After adjusting the ammonium
sulfate concentration to 1 M and setting the pH to 7, the protein
solution was loaded on a phenyl Sepharose column (GE Healthcare,
Uppsala, Sweden) equilibrated with 1 M ammonium sulfate (pH 7).
The column was washed with 1 M ammonium sulfate (pH 7) and
eluted with 20 mM 1,3-diaminopropane. This eluted protein fraction
was then loaded on a Q Fast Flow column equilibrated with 20 mM
1,3-diaminopropane. After washing with equilibration buffer bound
proteins were eluted using 0.5 M NaCl/100 mM Tris-HCl (pH 8.7)
buffer. After adding imidazole to a final concentration of 25 mM,
the eluate from the Q Fast Flow column was applied on a Ni-Sephar-
ose column (GE Healthcare) equilibrated with 0.5 M NaCl/25 mM
imidazole/100 mM Tris-HCI (pH 8,7) buffer to purify the Hisg-tagged
protein. The column was washed using the equilibration buffer and
then stepwise elution of bound proteins was performed with 0.5 M
NaCl/100 mM Tris-HCI (pH 8.7) buffer with increasing imidazole
concentrations ranging from 50 to 250 mM imidazole. Fractions
eluted from the Ni-Sepharose column were pooled and 1 M ammo-
nium sulfate was added. After adjusting the solution to pH 7 the elu-
ate was loaded on an ovomucoid-conjugated Sepharose 4B column
equilibrated with 1 M ammonium sulfate (pH 7.0). After washing
the ovomucoid-conjugated column with 1M ammonium sulfate
(pH 7.0), the bound proteins were eluted using 20 mM 1,3-diamino-
propane. Finally this protein fraction was concentrated on a small Q
Fast Flow column. The purified proteins were eluted into 0.5 M
NaCl/20 mM 1,3-diaminopropane (pH 8.7) buffer.

The purity of the protein samples after each purification step
was verified by SDS-PAGE and Western blot analysis. SDS-PAGE
was performed using 15% polyacrylamide gels under reducing con-
ditions [17]. Proteins were visualized by gel staining with Coomas-
sie Brilliant Blue R-250. For Western blotting, samples separated by
SDS-PAGE were electrotransferred to 0.45 pm polyvinylidene fluo-
ride membranes (Biotrace™ PVDF, PALL, Gelman Laboratory, Ann
Arbor, MI, USA). Membranes were blocked with 5% (w/v) milk
powder in Tris-buffered saline (TBS: 150 mM NaCl, 10 mM Tris,
0.1% (v/v) Triton X-100, pH 7.6). Afterwards blots were incubated
for 1 h with a mouse monoclonal anti-His (C-terminal) antibody
(Invitrogen) diluted 1/5000 in TBS, washed 3 times in TBS and
finally incubated with the 1/1000 diluted rabbit anti-mouse IgG
secondary antibody labeled with horseradish peroxidase (Dako
Cytomation, Glostrup, Denmark). Immunodetection was per-
formed using a colorimetric assay with 3,3’-diaminobenzidine
tetrahydrochloride (Sigma-Aldrich, St. Louis, MO, USA) as a
substrate. All washes and incubations were conducted at room
temperature on a platform with gentle shaking.

2.4. Agglutination assays

Trypsin-treated rabbit red blood cells (Bio-Mérieux, Marcy
I’Etoile, France) were used to check the lectin activity of purified

recombinant proteins. Assays using purified protein fractions
(0.5 mg/mL) were performed as described by [18].

2.5. N-terminal sequence analysis

Samples of purified recombinant F-box-Nictaba protein and its
Nictaba domain alone were analyzed by SDS-PAGE, electroblotted
onto a BioTrace™ polyvinylidene fluoride membrane (Gelman
Laboratory) and stained with a 1:1 mix of Coomassie Brilliant Blue
and methanol. Protein bands were excised from the membrane and
the N-terminal sequence was determined by Edman degradation
on a capillary Procise 491cLC protein sequencer without alkylation
of cysteines (Applied Biosystems).

2.6. Glycan array screening

The printed microarrays are described previously by [19]. Printed
array version 5.0 was used for the analyses reported here (http://
www.functionalglycomics.org/static/consortium/resources/resour
cecoreh8.shtml). Analyses were performed as described by [18]. The
complete primary data set for each protein is available on the
website of the Consortium for Functional Glycomics (http://www.
functionalglycomics.org).

3. Results

3.1. Trp residues essential for glycan binding are conserved in the
Arabidopsis F-box-Nictaba protein

Sequence alignments revealed that the Nictaba domain of the
Arabidopsis F-box-Nictaba protein At2g02360 (AtPP2-B10) exhibits
52% and 64% sequence identity and similarity at the amino acid level,
respectively, with the Nictaba sequence deduced from the cDNA
encoding the N. tabacum leaf lectin [1]. According to a recently
reported three-dimensional model for Nictaba [16], an electronega-
tively charged region on the protein surface was predicted as the
glycan-binding site. Mutational analyses of two tryptophan residues
(Trp15 and Trp22) located in the N-terminal half of the Nictaba do-
main revealed that these two residues are essential for glycan binding
activity of the tobacco lectin since replacement of these Trp residues
by Leu completely abolished the interaction of the mutant protein
with the glycan array. Interestingly, sequence alignments of the Nic-
taba domain of At2g02360 and the tobacco lectin itself (Fig. 1) re-
vealed that these Trp residues (Trp118 and Trp125 in At2g02360)
are highly conserved in the F-box protein suggesting potential lectin
activity for the Arabidopsis F-box-Nictaba protein with a similar sugar
specificity as the one reported for the lectin from tobacco.

3.2. Expression of recombinant Arabidopsis F-box-Nictaba protein in
Pichia pastoris

To corroborate the glycan-binding activity and specificity of
At2g02360 both the holoprotein (AA residues 1-272) and the com-
posing Nictaba domain (AA residues 95-272) were expressed in
the yeast P. pastoris. Sequences corresponding to the full-length
protein and the Nictaba domain, respectively, were amplified by
PCR and cloned in the pPICZoA vector, which was subsequently
transferred into P. pastoris strain KM71H. SDS-PAGE analysis fol-
lowed by Western blotting of crude protein extracts confirmed
the successful expression of the His-tagged full-length protein as
well as of the Nictaba domain in Pichia (Fig. 2A,B). The Pichia
strains with the highest expression levels were selected and
further used for the production of the recombinant proteins in
large scale fed batch cultures. Both recombinant proteins were
purified using a combination of ion exchange chromatography,
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Fig. 1. Sequence alignment of Nictaba and the Arabidopsis F-box-Nictaba protein.
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Fig. 2. SDS/PAGE and Western blot pictures of unpurified and purified protein fractions M: protein marker (Fermentas, PageRuler, prestained); lane 1 for each panel: SDS/
PAGE image; lane 2 for each panel: Western blot image. Panel A: Crude protein extract from Pichia pastoris culture medium containing recombinant F-box-Nictaba protein
(50 pg/lane). Panel B: Crude protein extract from Pichia pastoris culture medium containing recombinant Nictaba domain from F-box-Nictaba protein (50 pg/lane). Panel C:
Purified recombinant F-box-Nictaba protein (15 pg/lane). Panel D: Purified recombinant Nictaba domain from F-box-Nictaba protein (15 pg/lane).

metal affinity chromatography on a Ni-Sepharose column and
affinity chromatography on an ovomucoid-Sepharose 4B matrix.
SDS-PAGE and Western blot analysis confirmed the purity of the
protein preparations (Fig. 2C,D). Yields amounted to approximately
250 pg and 500 pg per liter culture for the recombinant full-length
F-box protein and recombinant Nictaba-like domain, respectively.

The molecular mass of the recombinant F-box-Nictaba was esti-
mated 34.9 kDa, which is in good agreement with the calculated
molecular mass of 35 kDa of the recombinant protein (including
a c-myc epitope and a His-tag). Unlike the recombinant F-box-Nic-
taba, which yielded a single polypeptide of approximately 35 kDa,
the purified recombinant Nictaba domain yielded two major
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% RFU
Glycan structure Nictaba F-box- Nictaba
domain Nictaba from
tobacco
Galal-3Galb1-3GIcNAcb-Sp0 100 100 0,12
(3S)Galb1-4(6S)GIcNAcb-Sp0 76 42 0,13
(3S)Galb1-4Glcb-Sp8 51 14 0,19
Galal-3(Fucal-2)Galb1-3GIcNAch-Sp0 48 28 0,13
b1-2 Mana-Sp0 47 25 0,15
Neu5,9Ac2a2-3Galb1-3GIcNAch-Sp0 44 14 0,04
(3S)Galb1-4(6S)Glcb-Sp0 42 14 0,10
Galal-3 b1-2Manal-6(Galal-3 b1-2Manal-3)Manb1-4GIcNAcb1- 35 32 14
4GIcNAc-Sp19
Neu5Aca2-6Galb-Sp8 35 8 0,10
Manal-6Manb-Sp10 34 16 0,35
Galb1-2Galb-Sp8 33 9 0,10
b1-2Manal-6( b1-2Manal-3)Manb1-4GIcNAcb1-4(Fucal- 32 1 14
6)GIcNAch-Sp22
65(3S)Galb1-4GIcNAcb-Sp0 32 11 0,15
Galb1-3GlcNAcb1-2Manal-6(Galb1-3GlcNAcb1-2Manal-3)Manb1-4GlcNAcb1-4GIcNAcb-Sp19 30 9 83
(3S)Galb1-3GalNAca-Sp8 29 7 0,14
Neu5Aca2-3Galb1-4(6S)GIcNAch-Sp8 29 14 2
Galal-3Galb1-3GIcNAcb1-2Manal-6(Galal-3Galb1-3GIcNAcb1-2Manal-3)Manb1-4GIcNAcb1-4GIcNAc-Sp19 27 16 7
Galb1-4(Fucal-3)GIcNAcb1-2Manal-6(Galb1-4(Fucal-3)GlcNAcbl-2Manal-3)Manb1-4GlcNAcb1-4(Fucal-
6)GIcNAcb-Sp22 27 10 13
Fucal-2Galb1-4(Fucal-3)GlcNAcb-Sp0 27 3 0,10
Neu5Aca2-3Galb1-3GIcNAcb1-2Mana-Sp0 27 6 3
Galb1-4(6S)Glcb-Sp0 26 8 0,27
GalNAcal-3GalNAcb-Sp8 26 7 0,25
Fucal-2Galb1-3GIcNAcb-Sp8 25 9 0,09
(3S)Galb1-4(Fucal-3)(6S)Glc-Sp0 23 5 0,34
Galal-3(Fucal-2)Galb1-3GalNAca-Sp8 23 1 0,22
Galb1-4GIcNAcb1-3Galb1-4GIcNAcbh1-6(Galb1-4GIcNAcb1-3Galb1-4GIcNAcb1-2)Manal-6(Galb1-4GIcNAcb1-3Galbl- 23 )8 10
4GIcNAcb1-2Manal-3)Manal-4GIcNAcb1-4GIcNAc-Sp24
(35)Galb1-4GIcNACh-Sp0 22 14 0,11
Galal-4(Galal-3)Galb1-4GIcNAcb-Sp8 22 18 0,36
65(35)Galb1-4(6S)GIcNAcb-Sp0 22 14 0,10
Neu5Aca2-6Galb1-4Glcb-Sp0 22 2 0,15
Type 1 Type 2 Lewis X Lewis Y Type-1 B antigen
LacNAc LacNAc
C/ o 3 (ﬂ; ps3
a -
pid 1n E

Fig. 3. Overview of the top 30 glycan structures with highest reactivity on the glycan array for Nictaba domain of F-box-Nictaba from Arabidopsis thaliana. The most recurrent
structures are colored as follows: type 1 LacNAc motifs - red, type 2 LacNAc motifs — dark blue, Lewis A structures - orange, Lewis X structures — violet, Lewis Y structures —
blue and type-1 B antigen structures — green. The measurements on the right show the percentage relative fluorescence units (%RFU) of a glycan compared to the RFU of the
glycan with the highest signal for each experiment. Nictaba from tobacco was analyzed using glycan array version 5.0.

polypeptides of 26.4 and 24.3 kDa, respectively. N-terminal amino
acid sequencing of the recombinant Nictaba domain yielded the
sequence EAEAEFSVXLEEA with 85% sequence identity to the N-
terminus of the recombinant protein expressed in Pichia and
revealed that the higher molecular mass of the 26.4 kDa polypep-
tide is due to an incomplete removal of the N-terminal secretion
sequence needed to direct the expressed proteins into the culture
medium.

The protein patterns shown in Fig. 2A-D suggest partial degra-
dation of the recombinant proteins. Nevertheless these polypep-
tides could be detected using specific anti-His antibodies after
purification on the ovomucoid column. Taken into account that
the smaller protein polypeptides were also bound to the ovomucoid

column these polypeptides also exhibit carbohydrate-binding
activity.

3.3. Recombinant At2g02360 and its Nictaba domain bind N- and O-
glycans carrying LacNAc structures

The fact that both recombinant proteins could be isolated by
affinity chromatography on immobilized ovomucoid, a highly
glycosylated protein carrying high-mannose N-glycans, already
indicated that they possess carbohydrate-binding activity. Further-
more agglutination assays with the purified proteins also yielded a
positive reaction in a test with rabbit erythrocytes (Results not
shown). The glycan-binding activity of both recombinant proteins
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as well as of native Nictaba recombinantly expressed and purified
before [16] was determined using the printed glycan array_v5.0
available from the Consortium for Functional Glycomics (USA) con-
taining over 600 purified and synthesized glycan structures [19].
Fig. 3 summarizes the top 30 glycan structures most significantly
(%CV < 40%) bound by the three proteins. A complete overview of
the results for all tested glycan structures is available as Supplemen-
tary data (Table A). As shown in Fig. 3, the Nictaba domain as well as
the full-length F-box-Nictaba protein showed interaction towards
both N- and O-glycans containing type 1 and type 2 LacNAc
(Galp1-3GIcNAc and Galp1-4GIcNAc) and poly-LacNAc type 2
([Galp1-4GIcNAc],) structures as well as Lewis A (Galpl-3
(Fuca1-4)GIcNAc), Lewis X (Galp1-4(Fuca1-3)GIcNAc), Lewis Y
(Fuca1-2GalB1-4(Fuca1-3)GIcNAc) and blood type B (Galol-
3(Fuca1-2)Galp1-3GIcNAc) epitopes. It is apparent that the pres-
ence of the F-box domain does not hamper the glycan-binding
capacity of the lectin domain since the glycan interaction profile
of the full-length protein is very similar to the one obtained for
the lectin domain. Therefore, the Nictaba domain present in the
Arabidopsis At2g02360 protein can be considered a functional lectin
domain which exhibits specificity for the Gal-GlcNAc sequence,
bothinap1-3 and a B1-4 linkage. Previously the lectin from tobacco
plants was shown to preferentially interact with GlcNAc oligomers
and high-mannose N-glycans when tested on the first generation
arrays (v2.1,v3 and v4) (Table Aand [15,16]). A new screening using
the latest available array v5 showed that Nictaba from tobacco is
also able to recognize high-mannose glycans containing type 2
LacNAc structures, however at lower levels compared to the Nictaba
domain from the Arabidopsis F-box-Nictaba protein under study.

4. Discussion

Judging from the results of the ovomucoid affinity chromatogra-
phy, the agglutination assays and the glycan array analysis it can
be concluded that the Arabidopsis F-box-Nictaba protein encoded
by At2g02360 is a functional lectin. Parallel experiments with
the Nictaba domain demonstrated that the lectin activity of
At2g02360 resides in its C-terminal Nictaba domain. Based on
the high sequence similarity between the C-terminal Nictaba do-
main of the Arabidopsis protein At2g02360 and Nictaba from to-
bacco leaves it was tempting to speculate that the F-box-Nictaba
protein exhibited the same or at least similar glycan-binding prop-
erties as Nictaba and accordingly would interact preferentially
with GlcNAc oligomers, and high-mannose and complex N-glycans.
However, glycan array analysis clearly demonstrated that the Ara-
bidopsis F-box-Nictaba protein exhibits a substantially different
carbohydrate-binding specificity, recognizing type 1 and type 2
LacNAc, type 2 poly-LacNAc, Lewis A, Lewis X, Lewis Y, and type-
1 B antigen motifs.

4.1. Occurrence of LacNAc motifs

In the last few years LacNAc structures have been studied most
intensively in higher animals where they are responsible for blood
group determination, cell-to-cell recognition and adhesion pro-
cesses [20]. Different glycans containing LacNAc motifs have been
also found in bacteria and viruses [21-23]. However, in plants only
Lewis A motifs have been identified so far. These structures are
localized at the cell surface (membrane-bound) or can be found in
glycoproteins secreted by plant cells or in the Golgi apparatus
where they are synthesized [24-26]. Although Lewis A structures
are widespread within the plant kingdom including monocots, di-
cots and gymnosperms there has been some controversy to the
presence of Lewis A motifs in A. thaliana and other members of
the Brassicaceae family [24,25,27,28]. Nevertheless, it has been

shown unambiguously that A. thaliana contains the indispensable
enzymatic machinery and can synthesize Lewis A structures.
Léonard et al. [29] demonstrated that A. thaliana possesses an active
a1,4-fucosyltransferase (FUT13) capable of a1,4-fucosylation of the
GlcNAc residue within the Galp1-3GlcNAc structures. These Lewis A
epitopes were detected in the plasma membrane and the Golgi ves-
icles of A. thaliana cells. Furthermore, Strasser et al. [30] reported
the presence and activity of the p1,3-galactosyltransferase (GALT1)
in A. thaliana responsible for the formation of Galp1-3GIcNAc, a
structure required for the synthesis of Lewis A structures. It has also
been shown that the expression of Lewis A motifs in A. thaliana is
tissue specific with relatively high levels in pedicels, stems and
nodes, moderate levels in siliques and shoot apex, and relatively
low levels in flowers and roots, whereas it was not detectable in
leaves, which could explain previous problems in the detection of
this glycan motif. Therefore, it seems evident that A. thaliana syn-
thesizes Lewis A structures, however, most probably at substan-
tially lower levels than other plants and/or the expression of the
glycosyltransferases involved (i.e. p1,3-galactosyltransferase and
al,4-fucosyltransferase) is tissue and/or time specific. Unlike the
type 1 LacNAc (GalB1-3GIcNAc) and Lewis A motifs, the other
structures recognized by the Arabidopsis F-box-Nictaba protein
on the glycan array have not been reported in plants. However, this
is not surprising since plants are missing the gene encoding
B1,4-galactosyltransferase, the enzyme crucial for the biosynthesis
of Galp1-4GIcNAc structures [31]. As a consequence neither type 2
poly-LacNAc nor Lewis X epitopes can be synthesized by plants.
Several research groups have shown that transgenic lines in which
the human or rat p1,4-galactosyltransferase gene was introduced
into the plant genome are capable of producing the mammalian-
type Lewis structures [32,33]. Similarly, up till now no structures
related to blood group B antigens could be identified in plants,
which most probably also results from the lack of the necessary
enzyme, the o1,3-galactosyltransferase. Clearly, no putative o1,3-
galactosyltransferase gene has been identified in the genome of A.
thaliana.

4.2. Relevance of plant lectin F-box-Nictaba recognizing LacNAc motifs

This is the first report of the characterization of a sugar-binding
F-box protein in plants. Sugar-binding F-box proteins are already
known since 2002, when they were first discovered in mammals
[13]. Unlike the plant Fbs family, the mammalian Fbs protein family
is a very small group consisting of only 5 homologous proteins, re-
ferred to as FBG1-FBG5. FBG1 and FBG2 exhibit carbohydrate-bind-
ing specificity towards high-mannose N-glycans similar to the
glycan specificity reported for Nictaba [34,35]. Both FBG1 and
FBG2 have been proposed to play a role in protein quality control
by recognizing and targeting misfolded or incompletely assembled
glycoproteins for degradation through the ER-associated degrada-
tion pathway [13]. Based on the striking similarities between the
Fbs proteins and Nictaba for what concerns their localization pat-
tern in the nucleus and cytoplasm of the cell, the three-dimensional
conformation of the lectin domain and the carbohydrate-binding
properties and the fact that F-box-Nictaba has been reported before
to bind Skp1 [14], the hypothesis was put forward that the nucleo-
cytoplasmic Arabidopsis F-box-Nictaba protein might be a func-
tional homolog of the mammalian FBG1 and FBG2 proteins in
plants [9]. However, the glycan arrays show that the plant F-box-
Nictaba protein encoded by At2g02360 recognizes and binds type
1 LacNAc and Lewis A structures as well as type 2 poly-LacNAc,
Lewis X and Y epitopes and blood group B antigens. As such, the
sugar-binding specificity of the plant Fbs protein resembles better
the one reported for the mammalian Fbs proteins FBG4 and FBGS5,
which exhibit strong affinity towards sulfated glycan structures
and different glycans with type 2 LAcNAc (Galp1-4GlcNAc) motifs
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(see Table A). Table A gives an overview of the glycan-binding prop-
erties of the tobacco lectin and all Fbs members published to date.
Comparative analysis shows that within the mammalian Fbs pro-
tein family there is a wide divergence in carbohydrate-binding
activity. While the mammalian Fbs protein FBG1 is highly specific
to high-mannose N-glycans, FBG2 strongly binds not only high-
mannose but also complex N-glycans and sulfated glycan struc-
tures. FBG3 does not exhibit carbohydrate-binding activity at all.
Hence, although the mammalian Fbs proteins share high sequence
similarity, they differ substantially in their glycan-binding proper-
ties. Due to the diversity in carbohydrate-binding specificity the
different Fbs proteins are suggested to play divergent roles in the
glycome regulation in mammals [35]. Likewise, it seems that the
carbohydrate-binding site of F-box-Nictaba has developed a differ-
ent specificity from the one of the Nictaba protein from tobacco, de-
spite the similarity at the sequence level.

Taken into account that the Arabidopsis genome contains a
whole family of homologous F-box-Nictaba proteins which slightly
differ in the sequences of the Nictaba domains it is likely that these
chimera proteins show broad differences in their fine specificities.
Therefore it cannot be excluded that other plant F-box-Nictaba
proteins might have carbohydrate-binding properties that are
more similar to that of Nictaba.

4.3. Physiological significance

While it is obvious that type 1 LacNAc and Lewis A motifs can be
synthesized by plants (including A. thaliana) a few questions still
arise in view of the potential function of F-box-Nictaba in Arabidop-
sis. First, what is the role of these LAcNAc structures in plant phys-
iology. In mammals Lewis A epitopes are involved in the cell-to-cell
recognition, in selectin-dependent cell adhesion processes and in
interactions with pathogens [20]. Thus, by analogy, it could be
hypothesized that Lewis A motifs present at the plant cell surface
might also be involved in cell-to-cell communication or in plant-
pathogen interactions. Moreover, secretion of glycoproteins
containing Lewis A epitopes could suggest a putative role in stress
signaling [25,26,29]. Second, it remains to be elucidated what is the
function and significance of the recognition of these structures by
F-box-Nictaba protein in A. thaliana. In order to answer this ques-
tion the spatial distribution and possibility of interaction between
F-box-Nictaba and its putative glycosylated ligands, i.e. glycopro-
teins containing type 1 LAcNAc and/or Lewis A structures needs
to be investigated in more detail. Microscopical analyses have
shown that F-box-Nictabais located in the nucleocytoplasmic com-
partment of the plant cell [36]. At present Lewis A epitopes have
been reported only at the cell surface or in glycoproteins secreted
by plant cells or in the Golgi apparatus [25,26,29]. Since apart from
Golgi stacks Lewis A structures have not been detected within any
intracellular compartment of the plant cell further experiments are
needed to investigate the location of F-box-Nictaba proteins and
the presence of type 1 LacNAc structures in the plant cell. The dif-
ference in carbohydrate-binding specificity between Fbs proteins
and F-box-Nictaba does not preclude that the sugar binding Arabid-
opsis protein can be considered a functional homolog of the mam-
malian Fbs proteins in ER-associated degradation, but indicates that
the Arabidopsis protein will target another class of glycoproteins.
Consequently, in order to elucidate the physiological role of
F-box-Nictaba in Arabidopsis, future work will focus on the recogni-
tion of carbohydrate structures by F-box-Nictaba protein and the
identification of putative interacting partners.

Our results also indicate that gene divergence within the family
of Nictaba-related lectins lead to changes in carbohydrate binding
specificity. The demonstration of these differences in specificity
between Nictaba and F-box-Nictaba urges for extreme caution
when making predictions regarding the specificity of lectins. Previ-

ously it was also shown that gene divergence within the legume
lectin family [37], the jacalin-related lectins [38], the GNA-related
lectins [39] and recently also within the EUL family [40] has re-
sulted in changes in carbohydrate-binding specificity.
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