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Abstract Ribosome-inactivating proteins (RIPs) are a class of cytotoxic enzymes which possess highly specific IRNA N-glycosidase
activity and are capable of catalytically inactivating prokaryotic or eukaryotic ribosomes. Due to their unique biological activities, RIPs
have been considered to have great potential in medical and agricultural applications. The cucumber genome accommodates two genes
encoding type 2 ribosome-inactivating proteins, further referred to as CumsaAB1 and CumsaAB2. Type 2 RIPs, represented by ricin,
usually consist of two peptides linked by a disulfide bridge. A chain with N-glycosidase activity and B chain with carbohydrate-binding
activity. In this study, the expression of the cucumber RIPs was analyzed. Sequence analysis showed that CumsaAB1 is synthesized
with a signal peptide and subcellular localization studies further confirmed that the protein is expressed extracellularly, following the
secretory pathway. Analyses of the transcript levels in various tissues during cucumber development showed that CumsaAB1 is present
at extremely low levels in most tissues while the expression of CumsaAB2 is much higher, especially in leaves from plants at
first-true-leaf stage and plants at the onset of flowering. Molecular modelling of the RIP sequences was performed to unravel the
three-dimensional conformation of cucumber RIPs and their carbohydrate-binding sites. This study provided valuable information on
the subcellular localization, the tissue-specific expression and the structure of RIPs from cucumber plants.
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have evolved to

Through evolution plants
synthesize different kinds of toxic molecules to cope
with all the challenges they face throughout their entire
life cycle!'. Among all toxic compounds, toxic proteins
take up an important place and plants contain a wide
range of proteins with different biological activities.
Being ubiquitous proteins in the plant kingdom, lectins
represent an important group of these toxic proteins,
which are critical for the growth and development of
plants®,

By definition, lectins are proteins with at least one

non-catalytic domain that binds reversibly with

specific mono- or oligosaccharides . Although the
majority of lectins have been characterized from
plants, these proteins have also been reported in
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animals, insects, viruses, fungi and bacteria . They
have drawn a lot of attention because of their possible
agricultural and biomedical applications, e.g. their
anti-tumor activities. The anti-tumor activities of
different plant lectins has been shown for several
cancer cell cultures, such as human hepatocarcinoma
cells®, human bladder cancer cells®®, human melanoma
cells and rat pancreatic cells®™. Up to now, several
hundreds of plant lectins have been identified, purified
and at least partially characterized®".

Lectins are proteins endowed with one or more
carbohydrate-binding sites, which enables them to
specifically recognize and bind with certain glycan
structures. Although some lectins recognize and
interact with monosaccharides e.g. mannose, glucose,
galactose, most plant lectins preferentially bind with
more complex oligosaccharides like N- and O-linked
glycans . The carbohydrate-binding site of lectins
typically consists of five to six amino acids, which
bind the hydroxyls of the sugar residues mainly
through hydrophobic interactions. The specific
interaction between the lectin and the glycan involves
the formation of a network of hydrogen bonds and can
often be enhanced by a hydrophobic stacking of the
pyranose ring of the sugar to the aromatic ring of
(tyrosine,  tryptophan  or
phenylalanine) located in the close vicinity of the

aromatic  residues
carbohydrate-binding site!'?.

Since the family of lectins groups all proteins that
specifically interact with glycan structures without
altering the substrate, a large number of very diverse
proteins complies with this definition. Currently, all
plant lectins are classified into 12 families based on
their carbohydrate-recognition domains. A detailed
overview of these 12 plant lectin domains was
described in several recent review papers? .. Here we
focused on one of the most-well known lectin families,
the ricin-B family in cucumber, an economically
important and widely cultivated crop.

The ricin-B lectin family groups all proteins that
show sequence homology to ricin, the most well-
known type 2 RIP from Ricinus communis!". RIPs are
a class of cytotoxic enzymes that possess highly
specific rRNA N-glycosidase activity and are capable
of catalytically inactivating prokaryotic or eukaryotic
ribosomes . Previous studies have categorized RIPs
mainly in two types: type 1 RIPs with one single

N-glycosidase chain and type 2 RIPs consisting of one
N-glycosidase chain and one ricin-B lectin chain. So
far, the type 2 RIPs are widely distributed in plants,
animals, bacteria and fungi™®.

Our previous analysis of lectin domain sequences
in the genome of cucumber (Cucumis sativus var.
sativus L.) revealed the presence of 9 ricin B homologs
with three different domain architectures ['”. Among
them, 5 sequences contain a tandem array of ricin B
domains, resembling the lectin chain of ricin. In 2 of
the sequences this lectin domain is linked to a RIP
domain, and thus these proteins can be classified as
type 2 RIPs. The remaining 4 sequences contain a ricin
B domain linked to a glycoside hydrolase family 5
domain (GHSY).

In this study, the expression of the two type 2
RIPs from cucumber was analyzed. Their subcellular
localization was investigated using stably expressed
EGFP-fusion proteins in tobacco suspension cells.
Furthermore, the transcript levels for type 2 RIP genes
were quantified and compared in several tissues during
development of cucumber plants. Finally, molecular
modelling of the RIP sequences was performed to
unravel the three-dimensional structure of cucumber
RIPs and their carbohydrate-binding sites.

1 Materials and methods

1.1 Vectors for expression analysis

Expression vectors for cucumber RIP sequences
C-terminally tagged with EGFP were constructed using
the Gateway technology (Invitrogen). The coding
sequences of the proteins under study were amplified
as attB PCR products using cDNA obtained from
leaves of 9 day-old plant leaves of Cucumis sativus.
The primers used for the first PCR are shown in Table 1.
The second PCR was performed using forward primer
(5 GGGGACAAGTTTGTACAAAAAAGCAGGCT 3)
and reverse primer (5 GGGGACCACTTTGTACAA
GAAAGCTGGGT 3') and 1 : 10 diluted product from
first PCR was used as template. The PCR program was
as follows: 5 min 94 °C, 30 cycles (30 s 94°C, 30 s
50°C, 1.5 min 72°C), 5 min 72 C. Subsequently, the
BP reaction was performed using the pDONR221
vector (Invitrogen). After sequencing of the entry
clones, the LR reaction was done with the destination
vector pK7WGF2 to fuse the EGFP sequence to the
C-terminus of type 2 RIP sequence!'.
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Table 1 Primer list
Gene Forward (F) and Reverse (R) primers: 5'—3’
Subcellular localization ABI1 F: AAAAAGCAGGCTTCACCATGACATCTTTAACGTTTTAC
R: AGAAAGCTGGGTCGTAGAATAATGTCCATTGTTG
AB2 F: AAAAAGCAGGCTTCACCATGAGAGTTTTATTAGCTTTC
R: AGAAAGCTGGGTCGTACAAAGCAACCCAATGTT
qPCR analysis CACS F: TGGGAAGATTCTTATGAAGTGC
R: CTCGTCAAATTTACACATTGGT
PP2A F: CAACAGGTGATATTGGATTATGATTATAC
R: GCCAGCTCATCCTCATATAAG
ABI1 F: CCTCTTCAAACCGCTCAGG
R: CATCCACGACCTTCTTCGTT
AB2 F: ATCGAAGAGACCCGTTGTTG

R: GAGCACTGGAATGCCATAGAG

1.2 Stable transformation of tobacco BY-2 cells

Stable transformation of BY-2 cells was achieved
by co-cultivation with Agrobacterium tumefaciens
containing the EGFP-fusion vector. In brief, the
EGFP-fusion vector of CumsaABl1 and CumsaAB2
were transferred to A. tumefaciens strain LBA4404 by
triparental mating. Four milliliter of a one-week old
BY-2 cell culture was added to 40 ml of MS medium
and grown for 4 days on a rotary shaker with speed of
150 r/min, at 25°C in the dark. For co-cultivation, 4 ml
of the 4 day-old BY-2 cells were mixed with various
concentrations of transformed LBA4404 cells and
incubated for 2 days at 25°C without shaking. Then,
the mixtures were transferred on MS agar plates
containing kanamycin (100 mg/L), vancomycin
(200 mg/L) and carbenicillin (500 mg/L), and kept at
25°C in the dark. After approximately 2 to 4 weeks,
calli became visible and were transferred to fresh
selection plates. The images of tobacco BY-2 cells
expressing the fluorescent proteins were acquired
using a Nikon A1R confocal system, mounted on a
Nikon Ti microscope body. The acquired images were
analyzed by Fiji software (http://fiji.sc/).
1.3  Preparation of protoplasts from stably
transformed BY-2 cells

Stably transformed BY-2 cells from 4-day old
cultures were harvested by vacuum filtration.
Approximately 5 g of the collected cells was incubated
for 3 h at 37°C with an enzyme solution (2% cellulase
RS (Duchefa), 1% macerozyme (Yakult), 0.1%
pectolyase (Duchefa), 0.4 mol/L mannitol, 40 mmol/L
CaCl,, 10 mmol/L MES buffer, pH 5.5) to remove the
cell wall and obtain protoplasts. Afterwards, protoplasts
were filtered through a 100 micron cell strainer with
washing buffer (10 mmol/L MES, 0.4 mol/L mannitol,

pH 6.7). The protoplasts were spun down for 5 min at
200 g and washed with washing buffer. The washed
protoplasts are then suspended in 3 ml of BY-2
medium and quickly checked with the Nikon A1R
confocal system.

1.4 Expression analysis of cucumber RIP genes
in different tissues during plant development

Cucumber (Cucumis sativus L. cv. Vert Petit de
Paris) seeds were germinated on moist filter paper in a
petri dish for 2 days at 28 °C in the dark. Germinated
seedlings were transferred to pots containing
commercial soil, and grown in a plant growth room at
28 °C with a 16 h/8 h light/dark photoperiod. Samples
of cotyledons, leaves, stems, roots, flower buds and
fruits (collected at 0 days, 4 days, 8 days, 12 days,
16 days after pollination) were collected from plants at
different stages of plant development. All experiments
were performed between April 2013 and September
2014. The primers for target and reference genes for
gqPCR analysis are available in Table 1. The reference
genes were chosen based on previous studies and their
stabilities have been tested in cucumber!'.

Total RNA was isolated from different samples
using TRIzol reagent (Sigma-Aldrich) and treated with
DNase [ (Thermo Fisher Scientific) to remove any
traces of genomic DNA according to the
manufacturer’s instructions. The first-strand ¢cDNA
synthesis was performed using M-MLV reverse
transcriptase  (Thermo Fisher Scientific). RNA
concentrations were measured with Nanodrop. The
quality of the cDNA was checked by standard RT-PCR
using primers of reference genes.

Quantitative PCR analyses were performed using
Rotor-Gene 3000 (Corbett Life Science, Qiagen) using
Rotor Discs (Qiagen). The qPCR reactions were
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carried out in a total volume of 20 pl containing 10 pl
of SYBR Green PCR Sensi-Mix (Bioline), 1 ul of
each primer (10 mol/L), 1 ul of cDNA template (20
mg/L) and 7 pl of sterile distilled water. The
conditions for qPCR reaction were 96 ‘C for 10 min
followed by 45 cycles at 96°C for 25 s, 58°C for 25 s
and 72°C for
were designed using Primer 3 (http://primer3.ut.ee/)

20 s. Gene-specific primers for gPCR

for amplification of a 100 ~200 bp fragment. The
results of qPCR were analyzed using Relative
Expression Software Tool-384 version 2 (REST-384),
which also determined the statistical significance of
the results ®. All experiments were performed with
two independent biological replicates, each containing
3 technical replicates.
1.5 Molecular modelling of CumsaAB1 and
CumsaAB2

Homology modeling of RIPs from cucumber was
performed with the YASARA Structure program 2,
running on a 2.53 GHz Intel duo core Macintosh
computer.  Different models of CumsaABI
(Csa5M428440)/CumsaAB2 (Csa6M040650) were
built from the X-ray coordinates of bitter gourd
(Momordica charantia) RIP2 (PDB code 4ZGR) 2,
snake gourd (Trichosanthes anguina) RIP2 (PDB code
4HR6) B ebulin [ from dwarf elder (Sambucus
ebulus) (PDB code 1HWM) ™I agglutinin from
Jjequirity (Abrus precatorius) (PDB code 2ZR1)™] and
ricin from castor bean (Ricinus communis) (PDB code
3RTJ)P, used as templates. Finally, a hybrid model of
CumsaAB1/CumsaAB2 was built from the different
previous models. PROCHECK, ANOLEA 1, and the
calculated QMEAN scores™ %), were used to assess the
of the
three-dimensional model. Only two residues (Asn79,
Ala270) out of 518, occurred in the non-allowed
regions in the Ramachandran plot. Both residues are

geometric and thermodynamic qualities

mainly located in the loop regions connecting the
B-sheets to the a-helices in the model. Using
ANOLEA to evaluate the model, only 13 residues (out
of 518) of the CumsaAB1/CumsaAB2 model exhibited
energy over the threshold value. The -calculated
QMEANG score of the model gave a value of 0.572.
1.6 Evolutionary relationships between different
type 2 RIPs

A phylogenetic analysis was performed to check
the evolutionary relationships of cucumber RIPs with
other classical type 2 RIPs. Sequences of type 2 RIPs
used in the analysis: CumsaAB1 and CumsaAB2 from

C. sativus, CitlaAB from Citrullus lanatus (Cucurbit
Genomics Databse: Cla007203), MaldoAB from Malus
domestica  (Genome  database for Rosaceae:
MDP0000711911) and sequences from NCBI database:

ricin  from Ricinus communis (XP_002534649),
Cinnamomin from Cinnamomum camphora
(AAKS82460), Ebulin from Sambucus ebulus

(AJ400822), SNA-I from Sambucus nigra (P93543).
Muscle (http://www.ebi.ac.uk/Tools/msa/muscle/) was
used for the multiple sequence alignment and MEGA6
was used to generate the phylogenetic tree using
bootstrap confidence values based on 500 iterations.
Sequence alignments were represented by sequence
logos as created by WebLogo 35,

2 Results

2.1  Sequences in cucumber
genome

Two genes coding for type 2 RIPs, named
CumsaAB1 and CumsaAB2, were identified in the
cucumber genome. Sequence analysis with the Pfam
database 30.0 showed that both RIPs have domain

architectures similar to the classical type 2 RIPs,

encoding RIPs

composed of a RIP domain (A chain) and lectin
domain (B chain) (Figure 1). According to SignalP
v4.1 CumsaAB1 and CumsaAB2 are synthesized with
a signal peptide, suggesting that these proteins are
synthesized following the secretory pathway. No
transmembrane regions were predicted in the RIP
sequences.
2.2 Subcellular localization of cucumber RIPs in
BY-2 cells

To validate their subcellular localization, the RIP
sequences were C-terminally fused in-frame with
EGFP and stably expressed in tobacco BY-2 cells.
Images acquired by confocal microscopy revealed
fluorescence of CumsaAB1-EGFP around the nucleus
and at the cell periphery (Figures 2a & 2b). The plot
profile showed the strongest fluorescence intensity at
the edges of the cells (Figure 2c). More mature cells
revealed a dotted fluorescence pattern at the edges of
the cells (Figure 2d). No fluorescence was seen in the

vacuole. Unfortunately, fluorescence was never
observed for CumsaAB2-EGFP.
23 CumsaAB1 expression in protoplasts

prepared from stably transformed BY-2 cells

To check in more detail the fluorescence at the
edge of the cell, protoplasts were prepared by
removing the cell wall from BY-2 cells stably
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expressing EGFP-tagged CumsaABI1. Figure 3 shows
different confocal images of a protoplast, from the
middle of the protoplast to the plasma membrane. In
middle of the protoplast (Figure 3a), the fluorescence

was mainly distributed around the nucleus and at the
periphery of the cell. The fluorescence increased when
the images were taken closer to the surface of the
protoplast (Figures 3b & 3c). Figure 3D shows the
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Fig. 1 Multiple sequence alignment of CumsaAB1 and CumsaAB2 in comparison
with ricin (UniProtKB/Swiss-Prot: P02879)

"*" means identical amino acids in all sequences; ":"

means highly conserved amino acids an

"." refers to weakly conserved amino acids. Signal

peptides are indicated in red; N-glycosidase domains (in blue) and ricin B domains (in yellow) are based on the Pfam database; cysteines for disulfide

bridge formation between the A and B chains are marked in grey; residues important for N-glycosidase activity and carbohydrate-binding sites are

marked in green.
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Fig. 2 CumsaAB1-EGFP expression in stably transformed tobacco BY-2 cells
(a) Fluorescence of CumsaAB1-EGFP in BY-2 cells. (b) Bright field image of BY-2 cells. (c) Plot profile showing the fluorescence intensity across the
cell (yellow line, starting from the nucleus to the edge of the cell). (d) CumsaAB1-EGFP expression in more mature BY-2 cells. N denotes the nucleus.

-
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@

Fig. 3 Confocal microscopy images of protoplasts from stably transformed BY-2 cells expressing CumsaAB1-EGFP
Panel (a)-(d) represent fluorescence and bright field images from different Z-stacks of one protoplast, starting from the middle of the cell (a) to the
surface of the cell (d).
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at the surface of the
Considering the fluorescence distribution on the cell

dots,

fluorescence protoplast.

surface and the presence of vesicle-like
CumsaABl is probably secreted extracellularly.
2.4 Transcriptional analysis of RIP genes in
different throughout
development

Transcript levels for CumsaAB1 and CumsaAB2

tissues cucumber

were analyzed in cucumber plants grown under normal
different
developmental stages: seed germination (4 days),

conditions. Samples were collected at
plants with first true leaf (9 days), plants that started

flowering (51 days) and fruits at different stages of

maturation. For all samples, gene expression was
normalized against reference genes (CACS and PP2A)
and compared to 4-day cotyledons or flowers at day 51
of cucumber development. The expression profiles
showed that CumsaAB?2 is most abundant in 9-day and
51-day old leaves, with transcript levels being
significantly higher than the transcript levels in the
cotyledons (Figure 4b). The expression of CumsaAB1
was mainly detected in flowers and fruits but was too
low to allow accurate quantification by qPCR in most
tissues. It was estimated that the expression of
CumsaAB1 in cotyledon is approximately 120 times

lower than the expression of CusamAB?2 (Figure 4a).
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Fig. 4 Transcriptional profiling of RIP genes in different tissues during cucumber plant development
(a) ABI, (b) AB2. Relative expression levels of RIP genes from vegetative organs (leaves, stems, roots) are compared to the expression level in

cotyledons while relative expression levels of RIP genes from reproductive organs (flowers and fruits) are compared to the expression level in flowers.

Expression level comparison between cotyledon and flower: AB1 (cotyledon) : AB1 (flower) = 1 © 3.6; AB2 (cotyledon) . AB2 (flower) = 1 : 0.05.

Bars represent means and standard errors from two biological replicates, each replicate containing a pool of 3 plants. Asterisks indicated statistically
significant differences compared with the control tissue (*P<<0.05, **P<0.01, ***P<0.001; REST analysis).
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2.5 Molecular modelling of RIPs from cucumber

The cucumber CumsaAB1 protein consists of a
polypeptide chain of 518 amino acids and is predicted
to fold as a type 2 RIP, resulting from the covalent
association of the A and B chains like in other

B or ebulin®®! (Figure

canonical type 2 RIPs, e.g. ricin
5a). The modeled A chain exhibits an overall
three-dimensional fold similar to that found in other
type 2 RIPs, built up of six strands of B-sheet clustered
in a left-handed twisted bundle, associated with eight
a-helices. The B chain consists of two tandemly
arrayed domains 1 and 2. A disulfide bridge occurs
between two conserved Cys residues located at the
C-terminal and N-terminal ends of the A (C246) and B
chain (C263), respectively. Two asparagine residues,
N247 and N251 in the sequence stretch connecting the

1904
S 248" 9.4&@
A y O1A,, /5 57
2 ¢

.

342
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97~ M

Y504 . E/ATN/*\
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two cysteine residues are readily accessible to
peptidases, suggesting a possible posttranslational
cleavage by an asparagine endopeptidase, which would
result in the separation of the A and B chains.
However, the A and B chain would remain covalently
bound by the C246-C263 disulfide bridge, after
proteolytic cleavage. Two putative NN-glycosylation
sites 8ONNSS82 and 247NV S249, occur in the A chain,
whereas 4 putative N-glycosylation sites are present in
the B chain, 333NCS335 and 369NRS371 in domain
1, and 412NNT414 and 453NRS455 in domain 2. All
of these N-glycosylation sites are readily exposed at
the surface of CumsaAB1 and could actually be
glycosylated according to the GlyProt server (http:
/Iwww.glycosciences.de) prediction.

(®)
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Q/
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3.43/’ ‘|3.11
/
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Fig. 5 Molecular modelling of CumsaAB1

(a) Ribbon diagram showing the organization of modeled CumsaAB1 with two chains corresponding to the A (a) and the B chain (b), covalently linked

by a disulfide bridge (SS) between the C-terminus of the A chain and the N-terminus of the B chain. The EGSK sequence, corresponding to the

canonical EAAR sequence occurring in typical type 2 RIPs, is colored orange. A single carbohydrate-binding site of the B chain is occupied by the

T-antigen disaccharide. (b) Docking of pteroic acid (magenta stick) into the active site cavity of the A chain, showing the EGSK sequence of the
predicted active site. (c) Network of H-bonds (dashed black lines) anchoring pteroic acid to the active site of the A chain. Both the Y111 and W194
residues develop a stacking interaction with pteroic acid. (d) Network of hydrogen bonds (dashed black lines) potentially anchoring sialic acid (NeuSAc)

(cyan stick) to the amino acid residues forming the carbohydrate-binding site 2 of the CumsaAB1. The aromatic residues Y492 and Y504 interact

through a stacking with the pyranose ring of Neu5Ac. (e) Network of hydrogen bonds (dashed black lines) anchoring the T-antigen disaccharide (Gal
(B1-3) GalNAc) (cyan stick) to the amino acid residues forming the carbohydrate-binding site 1 of the cucumber type 2 RIP. The aromatic residue Y296
interacts through a stacking with the pyranose ring of Gal. The H-bond distances in panels (c—¢) are indicated in Angstroms (A).
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The A chain exhibits a sequence stretch
160EGSK163, homologous to the sequence stretch
164EAAR167, which is known to play a key role in
the N-glycosidase activity of the A chain in type 2
RIPs (Figure 5b). The key residues of the active site of
the A chain (G72, V73, S109, D110, D195), readily
accommodate pteroic acid (PTA), an A chain substrate
analog, as shown from docking experiments(Figure 5Sc).
Additional stacking
aromatic residues Y111 and W194. Two carbohydrate-

interactions occur with the
binding sites (CBS) occur at both ends of subdomains
la (CBS1) and 2y (CBS2) (Figure 5d, e). Docking
experiments indicate that NeuSAc readily anchors to
CBS2 through a network of 9 hydrogen bonds
with G493, S494, D490, Y504, and N511 residues

(©

(Figure 5d). The two aromatic residues, Y492 and
Y504, create a stacking interaction with the pyranose
ring Neu5Ac, which reinforces the interaction with the
sugar. Both Gal and T-antigen also dock properly to
CBS2. CBSI1 readily interacted with the T-antigen
disaccharide(GalB1,3GalNAc) in docking experiments
(Figure 5e), through a network of 7 hydrogen bonds
with D281, R284, N303, and R370. An additional
stacking interaction with Y296 reinforces the binding
of the sugar to the lectin moiety.

CumsaAB?2 consists of a polypeptide chain of 510
amino acids and shares a very similar three
dimensional structure with CumsaAB1 according to
the modelling (Figure 6). In CumsaAB2, the A chain

exhibits a sequence stretch 149ESAK 152, homologous

V61

GalNAc =

\ |

# 7

278 ’
' 04 | 07/
\’ —( B \os#f/o: RS

Q290

~2.10
266 )
X |

D274  R277

D278 ~»

e

W295

Fig. 6 Molecular modelling of CumsaAB2
(a) Ribbon diagram showing the organization of modelled CumsaAB2 with two chains corresponding to the A (a) and B chain (b), covalently linked by

a disulfide bridge (SS) between the C-terminal end of A chain and the N-terminal end of B chain. The ESAK sequence, corresponding to the canonical

EAAR sequence occurring in typical RIP 2 RIPs, is colored orange. Both carbohydrate-binding sites of the B chain are occupied by galactose (balls

colored cyan). (b) Docking of pteroic acid (magenta stick) into the active site cavity of the A chain, showing the ESAK sequence of the active site.
(c) Network of H-bonds (dashed black lines) anchoring pteroic acid to the active site of the A chain. Both the F100 and W183 residues develop a
stacking interaction with pteroic acid. The H-bond distances are indicated in Angstroms (A). (d) Network of hydrogen bonds (dashed black lines)
anchoring sialic acid (Neu5Ac) (cyan stick) to the amino acid residues forming the carbohydrate-binding site 2 of CumsaAB2. The aromatic Y496

residue interacts through a stacking with the pyranose ring of Neu5Ac. The H-bond distances are indicated in Angstrsms (A). (e) Network of hydrogen
bonds (dashed black lines) anchoring the T-antigen disaccharide (Gal (B1-3) GalNAc) (cyan stick) to the amino acid residues forming the
carbohydrate-binding site 1 of the CumsaAB2. The aromatic W295 residue interacts through a stacking with the pyranose ring of Gal. The H-bond

distances are indicated in Angstroms (A).



<938 EMUFSEYYIRHER

Prog. Biochem. Biophys. 2017; 44 (10)

to EGSK sequence of CumsaAB1 and the sequence
stretch EAAR, which plays a key role in the
N-glycosidase activity of the ricin A-chain. The key
residues of the A chain active site (S60, V61, N9§,
S99, S184), readily accommodate pteroic acid (PTA),
a substrate analog as shown from docking experiments.
Additional stacking interactions occur with the
aromatic residues F100 and WI183. Similar to
CumsaAB1, two CBSs occur at both ends of
subdomains of the lectin chain. Docking experiments
indicate that Neu5SAc readily anchors to CBS2 through
a network of hydrogen bonds with D490, Q493, S494,
Y504, and S511 residues. The aromatic residue Y496
creates a stacking interaction with the pyranose ring
Neu5Ac, which reinforces the interaction with the
sugar. Both Gal and T-antigen also dock properly to
CBS2. CBS1 readily interacted with the T-antigen
(Gal (B1-3) GalNAc)
experiments, through a network of hydrogen bonds
with D274, R277, D278, and Q290. An additional
stacking interaction with W295 reinforces the binding

disaccharide in docking

of the sugar to the lectin moiety.
The molecular modelling study revealed a typical

(2 98~ Abrin-b(A brus precatorius) (b)
90IL Abrin-c(4 brus precatorius)

99| Abrin-a(A brus precatorius)

Pulchellin I(A brus precatorius)

Pulchellin II(A brus precatorius)
TKL-1(Trichosanthes kirilowit)
Cinnamomin(Cinnamomum camphora)
Ricin(Ricinus communis)
ML3(Viscum album)
100 ML2(Viscum album)
84=MLI1(Viscum album)

Volkensin(A denia volkensii)

ﬁ[ CumsaAB2(Cucumis sativus)
CitlaAB(Citrullus lanatus)

CumsaAB1(Cucumis sativus)
L—— MaldoAB(Malus domestica)
SNA-I(Sambucus nigra)
RIPt(Polygonatum multiflorum)

[ Ebulin(Sambucus ebulus)
100 — Nigrin b(Sambucus nigra)

100

81

100

Bits

57

—
0.2

type 2 RIP structure for the RIPs from cucumber. To
demonstrate the evolutionary relationships between
cucumber RIPs and other type 2 RIPs, a phylogenetic
tree was built with type 2 RIP sequences from different
plant species (Figure 7a). The dendrogram revealed
two major clades. The two RIPs from cucumber are
clustered together with the only RIP from watermelon,
both species belong to the Cucurbitaceae family.
Furthermore, the RIP from apple was also grouped into
the same clade with the cucumber RIPs. The important
residues for the N-glycosidase activity and CBSs are
mostly conserved among all RIPs studied (Figure 7b).
In the RIP domain, E241 and W248 are highly
conserved in all sequences. Y117, Y160, R217 are also
conserved in most sequences but some variations were
observed (Y117S, Y160F, R217K), though amino
acids are replaced by amino acids with similar

properties in most cases. In both CBSs, 3 out of 5
amino acids (D357/D578, N381/N599, Q382/Q600)
are highly conserved for each CBS while two amino
acids at positions 1319/1525 and I316/1527 are often
replaced by other amino acids.

Fig. 7 Sequence analyses of selected type 2 RIPs
(a) Phylogenetic tree of type 2 RIPs from different species. Sequences used in the analysis: CumsaAB1 (Csa5M428440.1); CumsaAB2 (Csa6M040650.1);
CitlaAB (Cla007203); MaldoAB (MDP0000711911); Ricin (XP_002534649.1); Cinnamomin (AAK82460.1); Ebulin (AJ400822); SNA- [ (U27122);
Abrin-a (AAA32624); Abrin-b (Q06077); Abrin-c (P28590); Pulchellin I (ABW23503); Pulchellin [ (ABW23504); TKL-1 (1GGP); ML1(P81446);
ML2(Q6H266); ML3(P82683); RIPt (QIM653); Nigrin b (P33183); Volkensin (CAD61022). (b) Analysis of conserved amino acids in the RIP domain
and carbohydrate-binding domains of RIPs. Amino acids that are critical for the catalytic site (responsible for N-glycosidase activity) and

carbohydrate-binding sites (CBS1, CSB2) are indicated by red arrows®™. All position numbers are based on the ricin sequence.
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3 Discussion

Currently, RIPs have been studied extensively,
especially for their toxicity and their unique biological
activities?. It was reported that some RIPs are toxic to
pathogens and predators, such as fungi, bacteria,
viruses, and insects®. Due to their unique biological
activities, RIPs have been considered to have great
potential in medical and agricultural applications. In
this study, the expression of the type 2 RIPs from
cucumber was analyzed, with emphasis on their
localization and tissue

subcellular expression

throughout development. Furthermore, molecular
modelling was performed to get insight into the
structure of the cucumber RIPs and the biological
activities of the RIP and lectin domains.

Predicting the subcellular localization of proteins is
an important aspect to elucidate the function (s) and
interactions a protein can be involved in. Within a
prokaryotic cell, basically only three locations are
possible: inside or outside the plasma membrane, or
inserted into the membrane ™. In contrast, a eukaryotic
cell contains various membrane-enveloped
compartments and as a result the location of a protein
can be more complex in eukaryotic cells compared to
prokaryotic cells. The subcellular localization of the
studied with

EGFP-tagged proteins, which were stably expressed in

cucumber RIPs was the use of
BY-2 cells. In fact, different plant cells were tried as
hosts for the expression of the EGFP-fused RIPs,
including transient transformation of tobacco (Nicotiana
benthamiana) leaves, stable transformation  of
Arabidopsis suspension PSB-D cells and tobacco BY-2
cells. However, fluorescence was observed only with
CumsaAB1 expressed in stably transformed BY-2 cells.
Confocal microscopy analysis of CumsaABI1-
EGFP expression in BY-2 cells showed the strongest
fluorescence at the periphery of the cells and also
surrounding the nucleus (most probably ER/Golgi
apparatus) but no fluorescence was observed inside the
nucleus or in the cytoplasm. Furthermore, vesicle-like
fluorescent dots were observed at the surface of some
cells, which can be validated by co-expressing RIPs
with a vesicle marker protein. For a better illustration
of the fluorescence on the cell surface, protoplasts
were prepared from stably transformed BY-2 cells.
Images taken at different levels in one cell showed the
distribution of the
protoplasts. It is clear that the fluorescence was mainly

fluorescence throughout the

present unevenly at the surface of the protoplasts.
Considering the absence of a transmembrane region
and presence of the signal peptide in the sequence of
CumsaAB1, the presence of fluorescence at the cell
surface probably represents the final location of the
protein before it is secreted extracellularly. It can be
envisaged that CumsaAB1 synthesis follows the
secretory pathway, RIPs are translocated from the ER
to the cell surface and secreted, as reported before for
some type 2 RIPs?".

Although RIPs have been identified in all kinds of
tissues, the expression profile of RIPs can be vastly
different between plant species. For example, ricin is
expressed mainly in the seeds of Ricinus plants while
pokeweed antiviral protein is expressed in different
tissues, including leaves, seeds and roots [¥,
Furthermore the level of expression can be highly
variable. In cucumber, the expression levels for the
two RIPs under study differ remarkably. In general, the
transcript levels of CumsaAB1 were much lower than
these of CumsaAB2 in almost all tissues so that the
quantitative analysis of the qPCR data was not reliable
for CumsaAB1. Our results indicate that CumsaAB?2 is
mainly expressed
CumsaAB1 1is expressed in flowers
suggesting that both RIPs
activities. Interestingly, the sequences of CumsaABI1
and CumsaAB?2 are 47% identical (67% similarity) but

their expressions levels are distinct, which might

tissues whereas
and fruits,
have complementary

in vegetative

indicate different biological roles for these two type 2
RIPs.

Molecular modelling of cucumber RIPs predicted
that the polypeptides can fold as reported for typical
type 2 RIPs, consisting of an enzymatic A chain and a
lectin ricin-B chain. In addition, docking experiments
suggested that the active sites of the RIP domain and
the lectin domain can accommodate the typical
substrates known to interact with type 2 RIPs. It is
generally accepted that the N-glycosidase activity of
the RIP domain towards ribosomes from plants,
bacteria, yeasts or animals on the one hand, and the
carbohydrate-binding activity of the lectin domain on
the other hand, both contribute to the biological
activities of RIPs, such as their involvement in the
plant defense against biotic stresses . This study
provided valuable information on the localization of
cucumber RIPs at cell level as well as at tissue level,
and yielded insight into the structural properties and
and biological activities of the proteins.
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