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RESUMO

DUARTE, Christiane Eliza Motta, D.Sc., Universidade Federal de Vigosa, Setembro
de 2016. Lectina de Brassica oleracea: Isolamento, caracterizagdo e avaliagao
funcional da primeira lectina com dominios MATH. Orientador: Leandro Licursi
de Oliveira. Coorientadores: Sérgio Oliveira de Paula e Andréa Dias Koehler.

Lectinas estdo envolvidas em uma ampla variedade de processos biolégicos,
inclusive atuando como agentes imunomoduladores capazes de ativar a imunidade
inata. NOs purificamos e caracterizamos uma nova lectina de couve-flor (Brassica
oleracea ssp. botrytis — BOL) através de trés etapas sequenciais de cromatografia,
cuja pureza foi confirmada por SDS-PAGE. Além disso, avaliamos o papel dessa
lectina na imunidade inata por meio de um ensaio de fagocitose, producéo de H202
e NO. BOL foi caracterizada como uma proteina ndo glicosilada com uma massa
molecular de ~ 34 kDa em SDS-PAGE. Para otimizar o processo de obtencdo da
lectina e possibilitar um estudo mais aprofundado de sua estrutura e funcéo,
realizou-se a clonagem molecular e expressao heteréloga de BOL. Para isso
utilizamos RNA total extraido de plantulas de couve-flor e isolamos a sequéncia de
1053 pb do cDNA codificante. Ferramentas de bioinformética foram utilizadas para
determinar a sequéncia promotora de 1000 pb de Bol, a qual revelou varios
elementos cis-regulatorios conhecidos por estarem envolvidos em varias condicdes
de estresse na planta. A analise comparativa tecido-especifica da expressao de Bol
demonstrou niveis mais elevados do transcrito nas folhas, em comparacdo aos
tecidos do caule e da raiz. A analise da sequéncia de aminoacidos e o alinhamento
com proteinas homoélogas deduzidas nos permitiu determinar que a proteina madura
€ constituida por 301 aminoacidos. A estrutura tridimensional predita confirmou que
esta lectina apresenta uma estrutura em forma de cupula com dois dominios MATH.
Este € o primeiro relato do isolamento, clonagem e expressdo bacteriana de uma
lectina com dominios MATH e pode ser de interesse significativo para compreender
o papel regulador desta proteina como agente imunoestimulante bem como para a

fisiologia da propria planta.
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ABSTRACT

DUARTE, Christiane Eliza Motta, D.Sc., Universidade Federal de Vigosa,
September, 2016. Brassica oleracea lectin: Isolation, characterization, and

functional assessment of the first lectin with MATH domains . Adviser: Leandro
Licursi de Oliveira. Co-advisers: Sérgio Oliveira de Paula and Andréa Dias Koehler.

Lectins are involved in a wide range of biological mechanisms, including act as
immunomodulatory agent able to activate the innate immunity. We purified and
characterized a new lectin from cauliflower (Brassica oleracea ssp. botrytis - BOL) by
three sequential chromatographic steps and confirmed the purity by SDS-PAGE.
Additionally, we evaluated the role of the lectin in innate immunity by a phagocytosis
assay, production of H202 and NO. BOL was characterized as a non-glycosylated
protein with a molecular mass of ~34 kDa in SDS-PAGE. To optimize the process of
the lectin obtaining and allow further study of their structure and function, the
molecular cloning and heterologous expression of BOL were carried out. Using total
RNA extracted from cauliflower seedlings a Bol coding cDNA sequence of 1053 bp
was isolated. Bioinformatics tools were used to determine a promoter sequence of
1000 bp of Bol which revealed several key cis-regulatory elements known to be
involved in various plant stresses. Comparative expression analysis of tissue specific
Bol demonstrated the highest transcript levels in leaves, as compared to stem and
root tissues. Analysis of amino acid sequence and alignment with deduced
homologous proteins allowed us to determine that the mature protein comprises 301
amino acids. Predicted three-dimensional structure confirmed that this lectin had an
overall dome-like structure with two MATH-domains. This is the first report of
isolation, cloning and bacterial expression of a lectin with MATH-domains and may
be of significant interest to understand the regulatory role of this protein as

immunostimulatory agent as well as to the physiology of the plant itself.
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GENERAL INTRODUCTION
Plant lectins: an overview

Abstract

Lectins are involved in a range of biological mechanisms. In this review, we
approach historical aspects of the origin and discovery of lectins. Since the
Stillmark’s work with castor bean extract in 1888 to present. The actual classification
based on CDR structure e conservation. Likewise, the physiological role of lectins in
defense of plant and animal immunity. All with special focus on plant lectins.

Keywords: agglutinin, hemagglutinin, lectin, lectin-like proteins

Brief historical background

Erythrocyte-agglutinating proteins has been known in nature since the turn of the
19th century. In the 1960s it became apparent that such proteins also agglutinate
other types of cells, and that many of them are sugar-specific (Sharon and Lis,
2004). These cell-agglutinating and sugar-specific proteins have been named lectins:
proteins with ability to bind specifically and reversibly to carbohydrates, agglutinate
cells and/or precipitate glycoconjugates (Boyd and Shapleigh, 1954). This class of
proteins was first described in 1888 by Stillmark, who observed that the seed extract
of castor bean (Ricinus communis) could agglutinate erythrocytes. In 1891, Hellin
identified a toxic hemagglutinin present in bean seed extract of Abrus precatorius.
These lectins were used to immunize mice by Ehrlich (1899), a pioneer in
immunological research. This author has established some of the basic principles of
immunology and showed that plants agglutinins were antigenic models more useful
than the bacterial toxins (Ehrlich, 1899).

In 1899, Camus found the first animal lectin secreted by the albumin gland of snail
Helix pomatia. The term hemagglutinin (of german Blutkérperchenagglutinin) was
introduced in 1898 by Elfstrand to describe this group of proteins capable of causing
cell agglutination. Landsteiner and Raubitschek (1908) were the first to discuss the
specificity of lectins, and observed that legume seed extracts show different
hemagglutination properties when combined with different animal erythrocytes.
Watkins and Morgan (1952) demonstrated that lectins can bind to monosaccharides
and that this binding has a key role to agglutinating activity promoted by these

proteins.



The ability of plant agglutinins to discriminate between erythrocytes of different
blood types led Boyd and Shapleigh (1954) to use the term lectin (from the Latin
‘lectus—chosen, selected). Since then several definitions have been proposed to
lectins. The three distinct requirements for a protein to qualify as a lectin are: i)
contain a carbohydrate recognition domain (CRD) which sole purpose is the effective
differentiation between various oligosaccharides; ii) is not the product of the immune
system like antibodies are and iii) biochemically does not modify the carbohydrate
moiety which it binds, different than carbohydrate-specific enzymes - like
glycosyltransferases, glycoside hydrolases and trans glycosylases, that modify their
substrates (Goldstein et al., 1980; Rudiger and Gabius, 2001).

Lectin classification and occurrence

Based on the overall domain architecture and properties of agglutination, lectins
are classified into: merolectins, hololectins, chimerolectins and superlectins.
Merolectins have a single binding domain carbohydrates. They are simple
polypeptide proteins, which due to its monovalent structure are unable to precipitate
glycoconjugates or agglutinate cells. Hololectins present two or more homologous or
identical CRDs. This group comprises all lectins that have multiple binding sites to
the same sugar or structurally similar sugars and, because of this, are able to
agglutinate cells or precipitate glycoconjugates. The chimerolectins are composed of
one or more CRDs tandemly arrayed with an unrelated domain with catalytic or
biological activity, which acts independently of the carbohydrate binding domain.
Depending on the number of CRDs, these molecules may or not show
hemagglutination activity (Peumans and Van Damme, 1995). Superlectins are a
special class of hololectins, which have two or more CRDs with specificity for
structurally different sugars (Cammue et al., 1986).

Lectins represents a diversified group of proteins with respect to size, composition
and structure (Sharon et al., 1974). Each lectin domain has its own characteristic
overall fold with one or more carbohydrate-binding sites. In general, the three-
dimensional structure of lectins is composed of a high content of B-sheets with little
contribution from a-helixes. The B-sheets are connected by loops forming antiparallel
chains (Sharon and Lis, 1990). A ribbon drawing gallery of the crystal and solution

structures of representative fold of lectins or lectin-like proteins from plants is shown



in figure 1. Different classification systems have been used in an attempt to
categorize this heterogeneous group of proteins. In principle, they were grouped
based on the carbohydrate binding specificity (Peumans and Van Damme, 1995),
but this system proved to be artificial and uninformative about the evolutionary point
of view (De Schutter and Van Damme, 2015). With the progress in the purification
and characterization of lectins, evidences were accumulated of that lectins are a very
heterogeneous group of proteins, artificially grouped together simply based on the
capability of cell agglutination.

Recently, biochemical and transcriptome analyses revealed that lectins can be
divided into multiple families of structurally and evolutionary related proteins
based on a conserved CRD. In plants, lectins were classified into twelve families
(Van Damme et al., 2008) that with new findings about the three-dimensional
structure were enlarged to fifteen (Fujimoto et al., 2014) — Table 1. However, there
are many lectins that can not be included in this classification system because they
have a unique structure that can belong to others well-established protein families
that are generally not linked to sugar-binding activity (De Schutter and Van Damme,
2015).

Despite the structural diversity of lectins, hitherto lectins with MATH domains not
have been described. The meprin and TRAF-C homology (MATH) domain is a fold of
seven or eight anti-parallel B-sheets that form (B-sandwich structure containing a
surface crevice responsible for protein-protein interactions (Zapata et al., 2007), and
carbohydrate-binding activity has not been identified in this protein domain. Proteins
with MATH domains, known as TRAFs, are commonly associated with other protein
domains, apart from a large number of hypothetical proteins identified by conceptual
translation of genomes displaying one or multiple MATH-domains arranged in
tandem which their function is not yet known (Zapata et al., 2007).

The importance of carbohydrate-binding proteins is shown by their occurrence in
all kingdoms of life. Lectins are widely distributed in nature and are found in all
classes and families of living organisms, from viruses, bacteria and fungi to plants
and animals (Sharon and Lis, 1987). Tissue and cellular distribution of the lectins is
varied and depends on the developmental stage and pathological condition (Sharon
and Lis, 2004). In plants are predominantly isolated from seeds where they constitute
about 10% of the total soluble protein of the seed extracts (Van Damme et al.,
1998a). Lectins are also found in vegetative tissues such as leaves, fruits, roots,

3



tubers, rhizomes, bulbs, bark, stem, phloem sap and even nectar (Peumans and Van

Damme, 1995).

Figure 1 — Ribbon drawing gallery of representative fold of lectins or lectin-like
proteins from plants. 3D-structures of lectins were extracted from the Protein Data
Bank. Shown as monomer. Some lectins share the same protein motifs, e.g. R-type,
the B-Trefoil motif that is present in animal, plant, fungal, bacterial and viral lectin. (a)
ACA-like. (b) Chitinase-like. (c) CV-N family. (d) F-type. (e) ABL-like. (f) Hevein
family. (g) H-type. (h) Jacalin family. (i) Legume family and L-type-like (j). LNP-type.
(k) LysM family. (I) Monocot family. (m) M-type. (n) Ricin-B family. Spheres show ions
and sticks show ligands. Adapted from Fujimoto et al. (2014).



Table 1. Classification of lectins families based on evolutionary and structurally

related domains (Adapted from Van Damme et al., 2008; Fujimoto et al., 2014)*

Plant lectin family Fold

Amaranthin family (ACA-like) B-Trefoll

Chitinase-like (B/a)s-barrel

CV-N family (3-stranded B-sheet and B-hairpins)2
F-type (AAA-like, Eel-lectin, fucolectins) B-Sandwich with Ca ion

Fungal fruit-body (Actinoporin-like, ABL-like)  a/B-Sandwich (actinoporin-like)
Hevein family Hevein-like cystine knot motif Dimer
H-type Six-stranded antiparallel 3-sandwich
Jacalin related family B-Prism |

Legume family (L-type) B-Sandwich

LNP-type (N-type) RNAseH-like a/B-fold

L-type-like B-Sandwich

LysM family LysM BaaB-fold (lysin motif)
Monocot family(bulb-type lectin) B-Prism Il

M-type (a/a)7 —barrel

Ricin-B family (R-type) B-Trefoil

*Lectin families, such as X-lectin, Nictaba-like lectin, and Euonymus europaeus
lectin, whose members’ structures have not been determined, are not included in this
table.

Constitutively Expressed and Inducible Lectins

The lectins of constitutive expression are known as “classical lectins” and are
expressed in high amounts in seeds and vegetative storage tissues. Most of the
constitutively expressed lectins are synthesized with a signal peptide, and
accumulate in vacuoles or related organelles, or are secreted to the extracellular
compartment (Van Damme et al., 2003). It is generally believed that the storage
proteins like lectins have multiple functionalities (Candido et al., 2011). In normal
conditions, lectins remain inactive as storage proteins but when the plant is
challenged they act as defense proteins because when an invading microbe or insect
disrupts the plant’s cellular contents, the stored lectin, which may agglutinate or
sicken the pathogen or predator, is released (Chrispeels and Raikhel 1991;

Peumans and Van Damme 1995; Vandenborre et al., 2011).



In addition, lectin expression also can be induced as particular responses toward
specific biotic/abiotic stimuli, such as salt stress, drought, light, heat or cold shock,
wounding or treatment with abscisic acid, jasmonic acid and gibberellins. In the
absence of plant stress, the inducible lectins generally are not expressed at
detectable levels. Most strikingly, all inducible lectins identified thus far reside in the
nucleus and the cytoplasm of the cells (Lannoo and Van Damme, 2010). Based on
these observations, the concept was developed that lectin—-mediated protein—
carbohydrate interactions in the cytoplasm and in the nucleus play an important or
possibly even crucial role in the stress physiology of the plant cell (Van Damme et
al., 2004). During the last decade, this new class of plant lectins has been
extensively studied (Macedo et al., 2015). The first purified inducible lectin was a
mannose-specific jacalin-related lectin (called Orysata) from NaCl-treated rice
seedlings (Zhang et al., 2000). Orysata was designated as a lectin only in 2000.
However, ten years earlier Claes et al. (1990) showed that Orysata is a salt-inducible
protein (SalT) and that the salT mMRNA accumulates in sheaths and roots of mature
plants and seedlings upon salt or drought stress. SalT expression was also induced

by abscisic and jasmonic acid treatment (Moons et al., 1997).

Interaction between lectins and animal immune system

It is well documented that lectins show immunomodulatory effects that are initiated
by their interaction with glycan’s moieties on the surface of immune cells. Such
interaction initiate a signal-transduction system, which culminating in the cytokines
production and induces efficient immune responses against tumors or pathogens
infections (Souza et al., 2013). Some lectins induce lymphocyte proliferation such as
concanavalin A (Kilpatrick, 1999). Others are able to stimulate the innate immune
response, as soluble lectins that direct the elimination of the foreign agent and help
in the phagocytosis by macrophages and dendritic cells. These proteins bind to
oligomannosides of infectious microorganisms, causing activation of complement
system without participation of antibody, and subsequent lysis of the pathogens, thus
acting in innate immunity (Ghazarian et al., 2011). Furthermore, lectins present on
the cell surface of dendritic cells and macrophages are involved in the immune
surveillance, as endocytic receptors and of cell signaling. Lectins type C can act as

mannose, galactose or N-acetyl-galactose receptors, which are involved in the



internalization of antigens, processing and subsequent presentation to T
lymphocytes as a peptide-major histocompatibility complex (MHC) (Aarnoudse et al.,
2006; Denda-Nagai et al.,, 2010). This antigen presentation activates specific
immune responses then, lectins participate indirectly in the adaptive immune system
(Gorelik et al., 2001)

Therefore, these proteins are also directly involved in adaptive immunity.
Leukocytes express L-selectins, which aid in the lymphocyte homing and trafficking
of leukocyte to sites of inflammation (Tedder et al., 1995). They mediate the binding
of leukocytes to endothelial cells and thereby initiate a rolling phase, in which the
lectins interact transiently with glycan ligands, leading eventually to their
extravasation. The T lymphocytes once activated have reduced L-selectin expression
or lacking altogether, which allows them to migrate and exit from the site of
inflammation via high affinity interaction between integrins and their specific ligands
(Gorelik et al., 2001).

Another mechanism of action of the lectins as agonists of the immune system was
proposed by Coltri et al. (2008). It occurs via Toll-like receptor (TLR). The Thl
cytokines production is induced by plant lectins through interaction with glycosylated
receptors on macrophages and/or dendritic cells, such as type 2 and 4 Toll-like
receptors (TLR2 and TLR4). Several plant lectins may act as TLR agonists. The
soybean (SBA), peanut agglutinin (PNA), ConA, and phytohemagglutinins (PHA-L
and PHA-P) stimulate extracellular TLRs: TLR-4 for SBA and PNA; TLR-2/6 for
ConA; TLR-2/6, -4 and for PHA-L, whereas wheat germ agglutinin WGA is able of
activate all tested receptors, except TLR-3 and -4 (Unitt and Hornigold, 2011). Plant
lectins can also regulate Th2 immunity. The ScLL, a lectin from Synadenium
carinatum reduces the leukocyte trafficking and activates Th2 cytokine production in
mice (Rogerio et al., 2007). This type of response can be induced by the lectin B-
chain of type-2 ribosome-inactivating proteins (type-2 RIPs) from Ricinus communis
through binding to D-galactose containing glycans present on the surface of
enterocytes (Carter et al., 2010).

Physiological role of plant lectins

In the past lectins were widely used as specific tools in studies of carbohydrates

chemistry and histology. However, in recent years they have received recognition as



a class of communication proteins that are involved in interactions between plants
and their environment and therefore can play an important role in the physiology of
the plant (Van Damme et al., 1998b). This question of the possible physiological role
of lectins has intrigued researchers since 1970s (Etzler, 1986). In spite of the
extensive knowledge about the molecular biology and structure of lectins, their
physiological role with respect to the plant still not well understood (De Hoff et al.,
2009).

The first concepts proposed that lectins could function as antibodies to protect
plants against harmful soil bacteria, control seed germination or, be involved in the
transport and storage of sugars, but no evidence to confirm these propositions were
found (Van Damme et al., 1998b). Biological events such as seed maturation or
maintenance of seed dormancy (Howard et al. 1972; Peumans and Stinissen, 1983),
mitogenic stimulation of plant embryonic cells (Howard et al., 1972), packaging or
mobilization of storage materials (Weber and Neumann, 1980) and N2 fixation and
source for developing embryo (Diaz et al., 1995; Peumans and Van Damme, 1995)
have been associated with lectins. An advance in the search of physiological role for
plant lectin was obtained when these proteins were recognized not only to play a role
in the plant itself (e.g. nitrogen storage or as a specific recognition factor) but to be
able to interact with foreign organisms recognizing glycoconjugates present on the
surface or in the digestive tract of these organisms (Van Damme et al., 1998b). The
most attractive hypothesis to date for plant lectin function is that these proteins may
have a role in plant defense, and protect plants against phytopathogenic
microorganisms and insects as well as herbivores (Sharon and Lis, 2004).

The first evidences that reinforce the idea that lectins could act as plant defense
proteins was based on the observation that WGA, PNA, and SBA inhibited the
sporulation and growth of fungi such as Trichoderma viride, Penicilium notatum, and
Aspergillus niger (Barkai-Golan et al., 1978). Posteriorly, the potato lectin also
showed a similar effect on the phytopathogen fungal Botrytis cinerea (Callow, 1977)
and the anti-fungal properties of several others lectins has been shown (Guan et al.,
2008; van Deenen et al., 2011; Wang et al., 2012).

Lectins also act in the mechanisms of plant defense against insect herbivores.
The insecticidal action of lectin found in black bean was reported in 1976. The

feeding of bruchid beetles with a diet containing this lectin resulted in the death of



their larvae, so the main role of lectins in legumes could be protect them from attack
by insect seed predators (Janzen et al., 1976). Several other lectins were shown to
be insecticidal, among them WGA, Galanthus nivalis lectin and jacalin (Sharon and
Lis, 2004). The genes encoding Allium sativum leaf and bulb lectin (Sadeghi et al.,
2003), Galanthus nivalis agglutinin (Nagadhara et al., 2004), and pea lectin
(Melander et al., 2003) have been introduced into tobacco, wheat, and rice to reduce
predation by insects. In a recent study, Orysata, a mannose-specific lectin from the
jacalin-related family, was expressed in transgenic tobacco and its insecticidal
activity against three pest insects: beet armyworm (Spodoptera exigua), green peach
aphid (Myzus persicae) and pea aphid (Acyrthosiphon pisum) were evaluated. S.
exigua larvae fed on transformed plants showed higher mortality, reduced weight
and extension of larval development. Similar effects also were observed in M.
persicae and A. pisum (Al Atalah et al.,, 2014). However mechanisms, whereby
lectins confer resistance to plant bacterial and fungal pathogens, remain poorly
defined (De Hoff et al., 2009).

Aim and scope of the present investigation

Since its discovery lectins have been used as a research tool in areas such
as: biochemistry, cell biology and immunology, as they provide a model system to
study the molecular basis of biological events involving recognition between proteins
and carbohydrates. Our research group works with lectins and their biological
functions and isolated a new lectin from cauliflower florets (Brassica oleracea ssp.
botrytis). In preliminary experiments this protein was shown to be a potential
immunomodulatory agent. So to increase the applicability and understanding of the
action of this lectin, we investigated its biochemical properties and determined its
gene sequence. From these results we were able to express the lectin cauliflower in
bacterial system, predict the three-dimensional structure of this lectin and compare it
with other proteins of the same group. Through knowledge of the gene sequence
and determination of regulatory elements present in the promoter it was also
possible to infer a possible physiological role of this protein to the plant itself. The
specific aims of this study were:

1. Purification, physicochemical characterization, and molecular cloning of

lectin from Brassica oleracea ssp. botrytis;



2. Evaluation of the effects of the cauliflower lectin on the physiology of
macrophages (phagocytosis, production of NO, H202 and superoxide
anion);

3. Development of a system of expression, solubilization and purification to
produce recombinant lectin;

4. Deduction of the possible physiological role of this lectin for plant.
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Abstract

Lectins are involved in a wide range of biological mechanisms, like
immunomodulatory agent able to activate the innate immunity. In this study, we
purified and characterized a new lectin from cauliflower (Brassica oleracea ssp.
botrytis - BOL) by three sequential chromatographic steps and confirmed the purity
by SDS-PAGE. Additionally, we evaluated the role of the lectin in innate immunity by
a phagocytosis assay, production of H202 and NO. BOL was characterized like a
non-glycosylated protein that showed a molecular mass of ~34 kDa in SDS-PAGE.
Its N-terminal sequence (ETRAFREERPSSKIVTIAG) did not reveal any similarity to
the other lectins; nevertheless, it showed 100% homology to a putative TRAF-like
protein from Brassica rapa and Brassica napus. This is a first report of the TRAF-
protein with lectinic activity. The BOL retained its complete hemagglutination activity
from 4°C up to 60°C, with stability being more apparent between pH 7.0 and 8.0.
Moreover, the lectin was able to stimulate phagocytosis and induce the production of
H202 and NO. Therefore, BOL can be explored as an immunomodulatory agent by

being able to activate the innate immunity and favor antigen removal.

Keywords: agglutinin, lectin, innate immunity
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1. Introduction

Brassicaceae is one of the major groups of the plant kingdom, composed of 348
genera and more than 3,700 species, distributed worldwide [1]. Brassica oleracea is
a very morphologically diverse species, including the common heading cabbage (B.
oleracea ssp. capitata L.), cauliflower (B. oleracea ssp. botrytis L.), broccoli (B.
oleracea ssp. italica L.), kale and collards (B. oleracea ssp. acephala), kohlrabi (B.
oleracea ssp. gongylodes L.), Chinese kale (B. oleracea ssp. alboglabra), and
Brussels sprouts (B. oleracea ssp. gemmifera DC) [2]. Brassica species form an
important human food crop plant with great economic value as vegetables and as
sources of edible and industrial oil, animal fodder, and green manure [3].

Plants are a rich source of lectins predominantly isolated from seeds, which
comprise 10% of the total protein content in a mature seed [4]. They are also present
in the vegetative tissues such as leaves, fruits, roots, tubers, rhizomes, bulbs, bark,
stems, phloem sap and even nectar [5]. Lectins are a group of carbohydrate-binding
proteins found in viruses, bacteria and eukaryotes, which are involved in various
biological processes, such as cell-cell interaction, folding of glycoproteins, host
defense, self/non-self-recognition and intracellular routing [6]. Although lectins
possess several biological properties in common, they represent a diversified protein
group with respect to size, composition and structure.

The use of lectins for biomedical applications has grown because of research
studies that indicate their antitumor properties [7] and antimicrobial activities [8]
beyond the potential use of these proteins as diagnostic markers [9]. It has been
shown that lectins exert an immunostimulating action such as Concanavalin A,
functioning as a mitogenic agent, enabling the study of the interaction of lectin with
the lymphocyte cells in vitro [10]. In innate immunity, soluble lectins are able to direct
the antigen elimination and assist in the phagocytic action by the macrophages and
dendritic cells. These proteins enhance the immune system by opsonization,
culminating in the activation of the adaptive immune response, like the mannose-
binding lectin present in humans [11].

In this study, we report the first isolation and characterization of a lectin from
cauliflower and evaluate its biological effects on macrophage activation. Additionally,

this is the first report of a lectin with only MATH-domains.
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2.Materials and methods

2.1. Biological material

The cauliflowers (Brassica oleracea ssp. botrytis) were purchased from different
suppliers in Vigosa, Brazil. The Federal University of Vigosa provided goat, horse
and ox erythrocytes and BALB/c mice. The adult male BALB/c mice (20-25 g) were
maintained in a photoperiod (12 h light: 12 h dark) controlled ambient environment
(25 °C), with free access to water and food. This study was performed in strict
accordance with the Ethical Principles in Animal Research adopted by the Brazilian
College of Animal Experimentation and Brazilian Society of Animal Science
Laboratory. The Ethics Committee on Animal Research of the Federal University of
Vicosa approved the protocol (Permit Number: 21/2012). Human blood group A, B
and O erythrocytes were collected from healthy donors at the Health Center of
Federal University of Vicosa in accordance with the Committee on the Ethics of
Humans of the Federal University of Vicosa (Permit Number:108/2012/CEPH/wmt).

2.2. Soluble protein extraction procedures

The cauliflowers were ground and homogenized with a vegetable crusher, in
phosphate-buffered saline (PBS) (pH 7.4) in the ratio of 1:1 (w/v), and set aside at
4°C for 8 hours. The supernatant was filtered through a 0.45 pum membrane

(Schleicher & Schull, German) to obtain the crude extract.

2.3. Hemagglutination activity assay

A serial two-fold dilution of the lectin (50 pyL) was mixed with 25 pL of a 2% of
erythrocyte suspension in microtiter U-plates. The hemagglutination titer is defined
as the reciprocal of the highest dilution exhibiting hemagglutination. Specific activity
is defined as the number of hemagglutination units per mg protein [12].
Hemagglutination activity was evaluated using goat, horse, ox and human A, B, and
O erythrocytes.

2.4. Protein purification

The crude extracts were loaded on a HiTrap Blue HP column (0.7 cm x 2.5 cm,
GE Healthcare), which had been equilibrated prior with 50 mM Tris-HCI buffer (pH
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7.4) at a flow rate of 1.0 mL/min. The bound proteins were eluted with 1 M NacCl in
50 mM Tris-HCI buffer (pH 7.4). After dialysis, the sample was subjected to ion
exchange chromatography on a HiTrap Capto S column (0.7 cm x 2.5 cm, GE
Healthcare) equilibrated with 50 mM Tris-HCI buffer (pH 7.4) at a flow rate of 1.0
mL/min. The bound proteins with the hemagglutination activity were eluted with 100
mM NacCl in the 50 mM Tris-HCI buffer (pH 7.4). In the final "polishing" step, we used
a Protein-Pak column (7.8 mm x 300 mm, Waters) equilibrated with 0.9% (w/v) NaCl
at a flow rate of 0.7 mL/min. The absorbance in all the chromatographic steps was

monitored at 280 nm.

2.5. SDS-PAGE

SDS-PAGE was performed in the presence or absence of 2-Mercaptoethanol
using a 12% resolving gel and 5% stacking gel [13]. The gel was stained with 2%
(w/v) Coomassie Brilliant Blue R-250. The Protein Marker 6.5 -200 kDa (SERVA,

Germany) was used as the standard molecular mass marker.
2.6. Protein concentration
The protein concentration was determined using the BCA Protein Assay kit

(Thermo Fisher Scientific, USA) according to the manufacturer's instructions, using

bovine serum albumin (BSA) as the standard.
2.7. Determination of protein glycosylation
In order to determine if BOL is a glycoprotein, a bioinformatics analysis was

undertaken using the NetNGlyc 1.0 server
(http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 server

(http://www.cbs.dtu.dk/services/NetOGlyc/) for the presence of predicted N-

glycosylation sites and O-glycosylation sites [14], respectively.

2.8. N-terminal Sequencing

To determine N-terminal amino acid sequence, purified protein was separated by
12% SDS-PAGE and Electroblotted at 100 mA for 1 h on to ProBlott membranes
(Applied Biosystems, USA) then stained with 0.1% Coomassie for 30 seconds,
destained with 50% methanol, washed with distilled water and dried overnight. The

desired fragments were excised and sequenced. Automatic Edman degradation
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analyses were performed on the protein sequencer model PPSQ-33A (Shimadzu,

Japan).

2.9. Mass spectrometry analysis and protein sequencing by tandem mass

spectrometry

Briefly, the BOL band was cleaned of the SDS-PAGE gel, destained with 50%
acetonitrile/25 mM ammonium bicarbonate, in-gel reduced with dithiothreitol (DTT)
65 mM for 30 min at 56°C and alkylated with iodoacetamide 200 mM for 30 min at
room temperature. It was then dried with acetonitrile followed by SpeedVac™.
Samples were digested using 50 pL of 2.5 pg/ml trypsin (Sigma) in 10%
acetonitrile/40 mM ammonium bicarbonate pH 8 at 37°C overnight. Peptides were
extracted with 50% acetonitrile/5% acid formic, dried in SpeedVac™ and redissolved
in 8 yL 0.1% formic acid. The samples were desalted using Zip Tip C18 (Sigma).
The sample matrix used was Universal MALDI-Matrix (Sigma). Mass spectra were
acquired in the reflector ion mode in the m/z range of 640-3240 using an Ultraflex Il
MALDI-TOF/TOF mass spectrometer controlled by flexAnalysis software v. 2.0
(Bruker Daltonics). The instrument was equipped with a smartbeam laser (Bruker
Daltonik), and the acquisition laser power was optimized using the PS calibration
mixture before collection of the sample data. The peptide masses were sought
against the NCBI database employing Mascot (in-house MASCOT-server) for protein
identification.

2.10. Inhibition of hemagglutination

The hemagglutination inhibition tests used various 400 mM carbohydrate solutions
(D-glucose, D-galactose, D-arabinose, D-xylose, N-acetyl glucosamine, D-fructose,
D-mannose, D-ribose, melibiose, maltose, D-lactose, D-cellobiose, D-trehalose,
saccharose and D-raffinose) and glycoproteins at a concentration of 0.5 mg/mL
(asialofetuin, fetuin and casein) were performed in a manner analogous to the
hemagglutination test. A serial two-fold dilution of each sugar sample was prepared
in PBS. All the dilutions were mixed with an equal volume (25 pL) of the lectin
solution with one hemagglutination unit. The mixture was allowed to stand for 30
minutes at room temperature and then mixed with 25 yL of a 2% goat erythrocyte
suspension. The minimum concentration of the sugar which completely inhibited one

hemagglutination unit of lectin was calculated [12].
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2.11. Glycoproteins proteolysis

Fetuin and asialofetuin (1 mg/ml) were digested with 50 pg/ml proteinase-K
(Promega, USA) at a 1:1 (w/w) enzyme is to substrate ratio in 50 mM Tris-HCI (pH
8.0), 10 mM CaClz at 45°C overnight. The complete digestion was confirmed by
12% SDS-PAGE. Then, the inhibition of the lectin-induced hemagglutination was

tested using digested and non-digested glycoproteins.

2.12. Effects of temperature, pH and divalent cations on lectin activity

Aliquots of lectin were incubated at different temperatures (4°C to 100°C) for 30
minutes and cooled in ice. The hemagglutination activity of the aliquots was tested.
The pH stability of the lectin was measured by dialyzing the lectin aliquots against
the following buffers for 6 h at 4°C: 100 mM glycine buffer (pH 2.0 and 3.0), 20 mM
acetate buffer (pH 4.0 and 5.0), 100 mM phosphate buffer (pH 6.0 and 7.0), and 100
mM glycine—NaOH buffer (pH 10.0, 11.0 and 12.0). The pH of the lectin solution was
adjusted to 7.0 by the addition of 0.1 N HCI or 0.1 N NaOH before the
hemagglutination activity was determined. To determine the metal ion dependence,
the protein was dialyzed against 100 mM Tris-HCI, 10 mM EDTA at pH 7.4 for 12
hours. Following this period, the lectin was dialyzed once again, but this time against
100 mM Tris-HCI at pH 7.4, followed by the hemagglutination assay. Additionally, the
dialyzed protein fractions were dialyzed against 50 mM CacClz, 50 mM MgClz, 50 mM
MnCl2 or 50 mM ZnClz, followed by the hemagglutination assay.

2.13. Phagocytic activity of the peritoneal macrophages

Macrophages from the peritoneal cavity of the BALB/c mice were suspended with
RPMI culture medium (Gibco, USA), supplemented with 10% fetal bovine serum, 100
units penicillin /mL and 100 mg streptomycin /mL. A 200 uL aliquot of this cell
suspension (10° cells/100 uL/well) was seeded into a well of a 6-well plate and
covered with a coverslip. This was followed by incubation for 2 hours at 37°C in a
humidified atmosphere of 5% CO.. Different concentrations of the lectin in 200 pL of
complete RPMI medium were then added to the wells followed by incubation for 30
minutes. After that, a Pichia pastoris (5 x 10° cells/well) suspension was added and
the plates were incubated for 2 hours. The supernatant was removed and 400 pL of

10% formaldehyde in PBS was added. The coverslips were stained with HEMA 3
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Panoptic dye (Renylab, Brazil) and analyzed with a light field optical microscope

(Olympus, Japan).

2.14. NO production by peritoneal macrophage assay

Macrophage from the BALB/c mice peritoneal cavity were washed and
resuspended in the RPMI culture medium supplemented with 10% fetal bovine
serum, 100 units penicillin/mL and 100 mg streptomycin /mL. The cells were seeded
in a 96-well culture plate (2 x 10° cells/well) and incubated at 37 °C in a humidified
atmosphere with 5% CO2 for 2 hours. The cells were stimulated with different
concentrations of lectin or (2.5 mg/mL) Zymosan (positive control), followed by
incubation for 48 hours. The supernatant was collected and the amount of nitric

oxide in the culture medium was determined by the colorimetric method [15].

2.15. H20, production by the peritoneal macrophage assay

Macrophages from the BALB/c mice peritoneal cavity were washed with PBS and
suspended in phenol red buffer (140 mM NaCl, 10 mM potassium phosphate, 5.5
mM dextrose, 0.56 mM phenol red and 0.01 mg/mL peroxidase type Il, pH 7.0). The
cell aliquots (100 pL) were seeded in a 96-well culture plate and incubated with
different concentrations of lectin or (2.5 mg/mL) Zymosan for 1 hour at 37°C in a
humidified atmosphere with 5% COz2. The reaction was stopped by the addition of 10
pL/well of 1 M NaOH. The H20:2 present in the medium was determined by the

colorimetric method [16].

2.16. Statistical Analyses

The statistical significance was analyzed using the analysis of variance (ANOVA),
followed by the Dunnett test, using the GraphPad Prism® version 5.0 software.
Differences with p < 0.05 were considered statistically significant. All experiments

were performed in triplicate.
3.Results
3.1. Protein Purification

Purification of the cauliflower lectin involved the initial extraction in PBS (pH 7.4)

and three-step chromatography including affinity chromatography on the HiTrap Blue
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HP column, ion-exchange chromatography on the Mono S column, and gel filtration
on the Protein-Pak column. Fractionation of the crude extract using HiTrap Blue HP
revealed the presence of a slightly smaller adsorbed fraction, designated as PI (Fig.
1A). This fraction, with hemagglutination activity, was subsequently applied on the
Mono S column, by means of which a fraction designated as PIlI (Fig. 1B) was
obtained. The adsorbed fraction with hemagglutination activity was resolved into a
large peak (PIIl) by gel filtration on the Protein-Pak column (Fig. 1C). The purified
lectin, represented by PIIl, appeared as a single band with an apparent molecular
mass of 34 kDa on SDS-PAGE (Fig. 1D) and a 36.8 kDa on gel filtration (Figure 1E),
these results reinforce the observation that lectin is a monomeric protein. A gradually
enriched lectin was purified and then designated as Brassica oleracea ssp. botrytis
lectin (BOL). An almost 139-fold purification and a recovery of 12% were achieved

through the purification process (Table I).
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FIGURE 1. Purification of cauliflower lectin. (A) Affinity chromatography of crude
extract of cauliflower on a HiTrap Blue HP column. The peak labeled Pl exhibited
HA. (B) lon exchange chromatography of fraction Pl on a HiTrap Capto S column.
The peak labeled PII exhibited HA. (C) Molecular size exclusion chromatography of
fraction PIl on a Protein-Pak column. The peak labeled PIIl exhibited HA. All the
elutions were monitored at 280 nm. (D) The SDS-PAGE of the fractions obtained in
the chromatography steps. MM: molecular weight marker, CE: crude extract, PI-
fraction obtained by affinity chromatography, PlI-fraction obtained by ion exchange
chromatography, Plll-fraction obtained by gel filtration. (E) Estimation of molecular
weight by gel filtration, using BSA, ovalbumin, chymotrypsinogen A and ribonuclease
A as calibration standard.
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Table 1. Specific hemagglutination activities and chromatographic fraction yields

obtained at different stages of lectin purification

Purification Total Total Activity Specific Activity Purification Recovery
steps Protein (mg) (HA) (HA/mg) fold (%)
Crude 10642.50 180000 17 1.0 100
extract

HiTrap 395.28 43200 109 6.4 24

Blue HP

HiTrap 80.28 28800 359 21.1 16

Capto S

Protein- 8.91 21120 2370 139.4 12

Pak

HA — Hemagglutination Activity Unit, corresponds to the minimum quantity of protein
capable of inducing agglutination; HA/mg corresponds to the amount of
hemagglutination units per milligram of protein.

3.2. Properties of purified lectin

The physical and biochemical properties of the lectin were investigated. BOL
migrated as a single band on the SDS—-PAGE under reducing and non reducing
conditions (Fig. 2A). Taken together with gel filtration results we can conclude that
BOL is a monomeric protein. The in silico prediction of possible sites of glycosylation
show that BOL has no N-glycosylation sites and a minimal probability of being O-
glycosylated, so BOL is a non-glycosylated protein (Fig. 2B). The N-terminal amino
acid sequence of BOL was obtained by the automated Edman degradation. The first
19 amino acid residues were determined (ETRAFREERPSSKIVTIAG) which showed
significant homology by the BLAST to predict, and uncharacterized proteins from
Brassica rapa (XP_009111696.1) and Brassica napus (CDY19775.1 and
CDX87054.1) with 100% identity with a putative TRAF-like protein.
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FIGURE 2. Properties of the purified BOL. BOL is a monomeric lectin (A) SDS—
PAGE under the reducing and non-reducing conditions. Lanes 1 and 4, molecular
weight markers, Lanes 2 and 3: samples boiled. Lane 2, reducing condition and
Lane 3 non-reducing condition. Lanes 5 and 6: not boiled samples. Lane 5 reducing
condition, Lane 6 non-reducing condition. BOL is a non-glycosylated protein (B) In
silico prediction of possible sites of glycosylation using the NetNGlyc 1.0 server
(http://www.cbs.dtu.dk/services/NetNGlyc/) and NetOGlyc 4.0 server
(http://www.cbs.dtu.dk/services/NetOGlyc/).

O-glycosylation potential

The purified protein was digested by trypsin and the resultant peptides were
analyzed by mass spectrometry (MALDI-TOF/TOF). Fig. 3 shows the monoisotopic
masses of the five peptides identified, which were used to identify the homologous
proteins in the NCBI database through the MASCOT server. Matching the same set
of peptides aligned with the homologous sequences of the 39.5 kDa putative TRAF-
like protein protein of Brassica napus (CDX87054.1) and Brassica rapa
(XP_009111696.1) was achieved with the 309 MASCOT score.
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FIGURE 3. Mass spectrometric analysis of BOL. A) Mass fingerprint obtained
from tryptic digested BOL was analyzed by MALDI-TOF/TOF mass spectrometer
scanning from 640 to 3240 amu in the positive ion mode for detection of protonated
peptides. Each tryptic peptide was subjected to LIFT dissociation to produce a
fragment ion pattern and the amino acid sequence was deduced. The tryptic
peptides are listed above the ion pattern. B) Amino acid sequence of putative protein
of Brassica napus (CDX87054.1). N-terminal (residues 1-19) determined by Edman
degradation (underline) and tryptic peptides by mass spectrometry (bold).

3.3. Carbohydrate specificity of the purified lectin

The blood specificity of BOL was determined by use of erythrocytes from different
species (goat, horse, ox) and humans from the ABO system. The lectin showed
more selective for horse and goat erythrocytes than others (Fig. 4A). The
hemagglutination activity of the purified cauliflower lectin was not observed to be
inhibited by any of the simple sugars tested at 400 mM; however, it was inhibited by
the glycoproteins, asialofetuin > fetuin > ferritin > casein, but not for ovalbumin
(Table 1I). To determine if the interaction of the BOL-glycoproteins was mediated by
a carbohydrate-protein or protein-protein interaction, fetuin and asialofetuin complete
proteolysis were performed (Data not show) and the hemagglutination activity of the

BOL was noted to continue to be inhibited by oligosaccharides (Table II).
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Table Il. Effects of the various carbohydrates and glycoproteins on the

hemagglutination induced by the B. oleracea lectin

Inhibitor mM
Simple sugars? ND

Asialofetuin 0.12
Asialofetuin + proteinase KP 0.24
Fetuin 0.23
Fetuin + proteinase KP 0.46
Casein 1.30
Ferritin 0.57
Ovalbumin ND

a Lactose, galactose, arabinose, melibiose, xylose, cellobiose, N-acetyl glucosamine,
fructose, glucose, maltose, mannose, saccharose, ribose, trehalose, raffinose were
non-inhibitory at 400mM concentration.

b Glycoprotein (1mg/mL) was digested with 50 ug/ml proteinase-K (overnight, 45°C)
ND- inhibition non-detected

3.4. Effect of temperature and pH

The thermal stability of BOL was determined in the temperature range between 4
and 100°C. The results indicated that BOL was stable between 4 and 60°C. The
lectin was totally inactivated when incubated at 70°C for 30 min (Fig. 4B). The pH
sensitivity profile of the lectin is shown in Fig. 4C, in which the stability was more
apparent between pH 7.0 and 8.0. The hemagglutination activity of the native lectin
was not affected either by the sequential dialysis (with EDTA followed by Tris-HCI) or
by the addition of Ca?* and Zn?* to the dialyzed lectin. The lectinic activity was
slightly inhibited in the presence of Mn?* and increased after the addition of Mg?*
(Fig. 4D).
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FIGURE 4. Physicochemical characterization of BOL. (A) Specificity of
agglutination activity, red blood cells of goat, horse, ox and human, A, B and O
groups were tested. (B) Thermal stability of BOL. The lectin was incubated at an
elevated temperature (4-100°C). (C) pH stability of BOL. The lectin was incubated
with buffers ranging from pH 2.0 to 12.0. (D) Influence of the divalent cations on
BOL. After treatment with a chelating agent, the lectin was incubated with the
indicated various divalent cations. The bars represented the HA of BOL.
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3.5. Cauliflower lectin activates macrophages and promotes phagocytosis

In order to verify whether BOL was capable of acting as an immunostimulator, we
evaluated the induction of macrophage activation promoted by the BOL. The effect
of cauliflower lectin on the phagocytic activity of the peritoneal macrophage in
engulfing yeast cells is shown in Figs. 5A and 5B. The phagocytosis of the yeast
cells is increased by two-fold (p < 0.05) when compared with the control. The BOL
induced a significant increase in the production of inflammatory mediators compared
with the untreated cells. The results of the nitrite and H202 production are shown in
Figs. 5C and 5D. Taken together we can see that the macrophages were activated

by lectin, phagocytizes more, better and with greater capacity microbicide.

A 1004

ed OO
B
<

ing

804

[
=3
S

*
60+ * I

404

by macrophages
5]
(=3

-
=3
=3

20

Macrophages phagocyt
Total yeast phagocytos

0

1 5 10
BOL (pg/mb) BOL {(pg/mL)

(@)
O

10~ 30+

*
*
= * l
0 o, l T | Y T v 0 r
Medium Zymozan 1 5 10

*
*
-
T T T Y
Medium Zymozan 1 5 10

BOL (ng/mL) BOL (ng/mL)

NO; (1M)
N
H02 (HM)
= N
o Q

FIGURE 5. Macrophage Activation. Peritoneal macrophages of BALB/c mice were
treated with the lectin obtained from cauliflower. (A) The number of macrophages
that exhibited phagocytosis in each of the 200 cells analyzed. (B) Phagocytic index in
each of the 200 macrophages analyzed. (C) Nitric oxide production by the
macrophages. (D) Hydrogen peroxide production by the macrophages. Assays were
performed in triplicate; the results represent the average + SD of three independent
experiment; *p < 0.05 compared with the control group.

4. Discussion

The isolation, purification, characterization and biological applications of plant
lectins have been the focal point of several studies over the last few years [17-19].
The protocol used in the purification can be distinguished into three sequential

chromatography steps, enabling the recovery of 12% of the total hemagglutination
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activity present in the crude extract, with 139-fold purification. BOL was found to be a
non-glycosylated monomer, with a molecular mass estimated at 34 kDa protein by
SDS-PAGE and 36.8 kDa by gel filtration.

BOL does not exhibit sequence similarity with the other earlier reported lectins,
including the lectin isolated from broccolini [20]. According to the search results from
N-terminal homology and MALDI-TOF/TOF the lectin showed 100% identity with a
putative TRAF-like protein of Brassica rapa and Brassica napus. The TRAF family, a
tumor necrosis factor of receptor-associated factors, was first identified as a group of
mammalian adaptor proteins. TRAF proteins physically and functionally connect the
cell surface receptors to the signaling pathways involved in the regulation of diverse
cellular responses, which include activation, differentiation and survival [21]. This
type of protein also was seen in plants (Arabidopsis, Medicago, Oryza, and
Sorghum), lower eukaryota (Trypanosoma, Dictyostelium, Theileria and
Plasmodium), and lower metazoa (Caenorhabditis elegans) [22]. However, until now,
TRAF-like proteins with lectin activity have not been described. BOL was related as a
hypothetical protein that possess only two MATH-domains without any other protein
domain, the function of these kind of proteins not yet know. BOL can be the first
TRAF-like protein capable of recognizing carbohydrates, and we hypothesize that the
MATH domain can be a new carbohydrate-recognition domain (CRD).

The B. oleracea lectin was not inhibited by the mono-, di- or tri-saccharides, but
complex carbohydrate structures inhibited its activity. Asialofetuin and fetuin were
found to be strong inhibitors of the lectin from B. oleracea suggesting that the BOL
binds the complex N-linked oligosaccharides. To demonstrate that the inhibition of
hemagglutination activity of BOL was caused by oligosaccharide moieties, the
asialofetuin and fetuin were completely hydrolyzed by proteases and the lectin-
inhibition was maintained. Wright et al. [23], also observed the inhibition of the
hemagglutination activity by the fetuin and asialofetuin, which in turn inhibits the
action of the lectin obtained from Scilla campanulata. Although plant lectins have
specificity toward monosaccharides, they show high specificity to the more complex
glycans that are found in animals and humans but absent from plants [5]. Recent
high performance analytical techniques (like glycan microarray analysis)
demonstrated that plant lectins have a preferential binding to oligosaccharides and
glycans rather than to monosaccharides. Even lectins classic as GNA, which was
originally considered a mannose-specific lectin, interact only weakly with mannose
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but exhibit a strong afinity to high-mannose N-glycans [24]. This property may be
related to the fact that lectins are capable of recognizing the glycoconjugates present
on the microorganism surface or in digestive tracts of insects and herbivorous
animals and are possibly part of plant defense pathways [5, 25].

The lectin retained its whole hemagglutination activity from 4°C up to 60°C. The
BOL activity was also maintained in wide pH variation, with stability being more
evident between pH 7.0 and 8.0, while 50% activity remained at pH 4-6 and 9-12. A
similar case is observed with the lectins from other plant species, for example
Glycine max [26] and Phaseolus coccineus [27]. Lectins are mostly the defense
proteins [6] which are known for their stability under various physicochemical
conditions [28]. On the other hand, some lectins have been reported whose activities
decrease above pH 9.0 [29] or below pH 5.0 [30]. The stability shown by BOL
increases the applications of this protein.

Purified lectin does not need bivalent cations to reveal the hemagglutination
action. Lectin activity remained unaltered even after metal ion chelation with EDTA or
in the presence of Ca*? and Zn*? ions; however, it was affected by the Mg?* and Mn?*
ions. The hemagglutination activity of Inocybe umbrinella lectin was also depressed
by Mn2* [31] while the activity of Con A was potentiated by the Ca?* and Mn?* ions
[32]. Divalent cations although it does not required for the formation of heterodimers,
may increase the stability of the complex formed by decreasing the dissociation rate
[33]. In addition, antimicrobial activity of peptides can also be increased in the
presence of divalent ions which excess may induce conformational changes in the
peptide [34]. Therefore, the influence of the divalent cations in the binding of BOL to
the carbohydrates could be explained in the light of the appropriate conformational
recognition.

The immunomodulatory effect triggered by the cauliflower lectin was evidenced by
its capacity to stimulate the phagocytosis and production of the inflammatory
mediators by the peritoneal macrophages. Wong and Ng [15] reported that the
banana lectin increased the NO production by the macrophages, in a dose-
dependent manner. Similar results were observed with onion lectin, which induced a
significant increase in the production of NO, the pro-inflammatory cytokines and
phagocytic activity of the yeast cells by the activated macrophages [19]. In our study,
the cauliflower lectin activated the macrophages by inducing the NO and H20:2
production. Unitt and Hornigold (2011)[35] reported that some plant lectins exhibit
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specific patterns of stimulation of human Toll-like receptors, suggesting that the
innate immune system can detect and respond to certain lectins. Working in this
direction, Mariano et al. [36] presented a plausible mechanism of macrophage
stimulation: ArtinM, a D-mannose-binding lectin, interacted with Toll-like receptor 2
and its heterodimers in a carbohydrate recognition-dependent manner, which
culminated in a larger secretion of cytokines, due to the action of the NFkB nuclear
transcriptional factor. Furthermore, several plant lectins exhibit immunomodulatory
activities that are initiated by their interaction with the glycan moieties present on the
surfaces of the immune cells. Such interactions may trigger signal transduction to
produce certain cytokines and induce efficient immune responses against tumors or

microbial infections [37].
5.Conclusion

This is the first report of the isolation of a lectin from Brassica oleracea ssp.
botrytis (BOL). In this study we purified, characterised and evaluated the stimulatory
effects of BOL, which demonstrated be able activate macrophage improve their
clearance capacity. It is also described for the first time a TRAF-like protein with
lectin activity, supporting the concept that the lectins are indeed multifunctional and
diverse group. The new lectin isolated from cauliflower can favoring the removal of

foreign agents, which is a potentially exploitable activity.
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Abstract

BOL is a non-glycosylated monomeric lectin extracted from Brassica oleracea ssp.
botrytis that shows no sequence similarity to any other protein group, nevertheless, it
showed 100% homology to a putative TRAF-like protein from Brassica rapa and
Brassica napus. In order to ascertain whether the hemagglutination activity was
promoted by a possible MATHd-only lectin or other contaminant, we determined the
complete sequence of this protein and expressed in a heterologous system.
Degenerated primers were designed from the amino acid sequence of tryptic
fragments and N-terminal sequencing from the native protein. Using total RNA

extracted from cauliflower seedlings, a Bol coding cDNA sequence of 1053 bp was
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isolated. Bioinformatics tools were used to determine a promoter sequence of 1000
bp of Bol which revealed several key cis-regulatory elements known to be involved in
various plant stresses. Furthermore, the expression of this gene was checked under
biotic and abiotic stress simulating conditions. Our results demonstrate that Bol
transcript increases in response to methyl jasmonate but decrease in response to
salicylic acid. Comparative expression analysis of specific tissue revealed the highest
transcript levels in leaves, as compared to stem and root tissues. Analysis of amino
acid sequence and alignment with deduced homologous proteins allowed us to
determine that the mature protein comprises 301 amino acids. Predicted three-
dimensional structure showed that this lectin had an overall dome-like structure with
two MATH-domains. The full coding sequence confirmed identity with TRAF proteins
and the resulting recombinant protein retained the ability to recognize carbohydrates,
thereby BOL is the first TRAF protein with lectin activity and it can show a new
interaction mechanism yet unidentified in other TRAF proteins. The production of
active rBOL in good yields opens up the possibility of obtaining its tridimensional
structure as well as making subsequent investigations about its structure and
function feasible. This is the first report of isolation, cloning and bacterial expression
of a lectin with MATH domains and may be of significant interest to understand the
regulatory role of this protein, as immunostimulatory agent, as well as the physiology
of the plant itself.

Keywords: cauliflower, heterologous expression, lectin, MATH-domain, stress

response.

Highlights

e BOL is a protein with peculiar features: a TRAF-like protein with lectin
activity.

e BOL shares no significant homology with other known lectins.

¢ Bol putative promoter contains regulatory elements in response to light and
stress signals.

e BOL can exhibit a new mechanism of TRAF-interaction by carbohydrate
moieties.

e Recombinant BOL has structural and functional properties similar to native

lectin.
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Introduction

Lectins are proteins widely distributed in nature that contain at least one non-
catalytic domain that recognizes and binds in a reversible way to specific glycans,
either free or as part of glycoproteins or glycolipids [1]. Accordingly, lectins have the
ability to agglutinate erythrocytes and other cells, to precipitate polysaccharides and
other glycoproteins [2]. Plants express a wide range of lectins, with different
molecular structures and carbohydrate-binding specificities [3]. In the past, the most
interesting use of lectins was as tools and bioactive proteins in biological and
biomedical research. However, in recent years they have received recognition as
their own right as class communication proteins that are involved in interactions
between plants and their environment and therefore can play an important role in the
plant physiology [3]. Biological events, such as seed maturation or maintenance of
seed dormancy [4], mitogenic stimulators of plant embryonic cells [4], packaging or
mobilization of storage materials [5] and N2 fixation and source for developing
embryos [6,7], have been associated with lectins. Lectins are also capable of
interacting with foreign organisms through glycoconjugates present on their surface
or in the digestive tract and, therefore protect plants against phytopathogenic
microorganisms and insects as well as herbivores [8].

Despite the structural diversity reported for lectin families [3], lectins with MATH
domains hitherto have not been described. This protein domain form a p-sandwich
structure containing a surface crevice responsible for protein-protein interactions,
typical of Tumor necrosis factor receptor (TNFR)-associated factors (TRAFs) [9].
TRAF proteins are required for the activation of various cell surface receptors in
mammals and participate in immune response signaling through interaction with
receptors as Toll-like receptors (TLRs), NOD-like receptors (NLRs), and T cell
receptors [10]. In plants, the family of gene codified TRAF proteins is highly
expanded, with more than 50 genes identified in the genome of Arabidopsis. The
structural similarity among mammalian and plant TRAF protein suggest that the plant
counterpart also may be involved in transferring signals to intracellular signaling
pathways [11]. Nevertheless, the function and action mechanism of these proteins
remain poorly understood in plants.

Our research group identified and characterized a new lectin isolated from

Brassica oleracea ssp. botrytis, designated BOL. This lectin is a non-glycosylated

39



protein with apparent molecular mass of 34 kDa, thermostable up to 60°C and
optimum activity at pH 7-8. Different from previously identified lectins, partial
sequencing of BOL revealed two MATH-domains in tandem arrayed in its structure
[12]. As lectin isolated from natural sources may be a heterogeneous mixture of
several lectin isoforms with distinct biological activities [13] and, even presenting
contaminants, we wanted to ensure that the lectin activity was indeed exerted by a
TRAF protein. For this purpose, we determine the full coding sequence of Bol to
confirm the sequence identity with TRAF-like proteins and developed a successful
method to produce higher amounts of pure, biological-active rBOL. In this work, we
detail the results of the gene sequencing and in silico prediction of the promoter
region of the Bol with identification of key cis-regulatory elements and gene
expression evaluation under different stress conditions. The study also includes a
comparative tissue-specific expression profile and establishes methods for the
recombinant expression and purification of this lectin that support initial studies of

structure and function in vitro.

Materials and Methods
Bacterial strains and culture media

We used E. coli competent cells, strain DH5a (Invitrogen, USA), for plasmid
cloning. BL21 (DE3) and C41 (DE3) competent cells were used for protein
expression (Sigma-Aldrich, USA). Luria—Bertani (LB) [Bacto-tryptone 1% (w/v), yeast
extract 0.5% (w/v), NaCl 1% (w/v)] was used as culture media.

In vitro seed germination of Brassica oleracea ssp. botrytis

For surface disinfection, seeds were immersed in 70% (v/v) ethanol for 1 min, and
then kept in 1% sodium hypochlorite and 0.1% Tween 20 solution, for 10 min. The
seeds were rinsed three times in sterile distilled water and transferred to 250-mL
glass flasks containing 40 mL of semisolid medium composed of half-strength MS
salts and vitamins [14], 2% sucrose, 100 mg L of myo-inositol and solidified with 6.5
g Lt of agar (Merck, Germany). The pH of the media was adjusted to 5.7 + 0.01,
and the media was autoclaved at 120°C and 108 kPa for 20 min. Flasks were
covered with rigid polypropylene lids containing two 11 mm-orifices covered with
0.45-um-pore size membranes (PTFE; MilliSeal® AVS-045 Air Vent, Tokyo, Japan).
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The cultures were kept in growth room at 27 + 1°C, 16/8h light/dark photoperiod

under 40 umol m st irradiance, for 30 days

RNA extraction and cDNA cloning

Total RNA was extracted from Brassica oleracea ssp. botrytis seedlings using Tris
reagent® (Sigma-Aldrich, USA) according to manufacturer instructions. The first-
strand cDNA was synthesized from 3 ug of RNA using SuperScript™ First-Strand
cDNA Synthesis SuperMix kit (Invitrogen, USA). PCR amplification and DNA cloning
were performed in two steps: the first using degenerate oligonucleotide primers
(Table S1) designed based on the N-terminal amino acid sequence and tryptic
peptides determined previously by mass spectrometry of the native lectin [12].
Amplification reactions were carried out using a C1000 Touch™ Thermal Cycler (Bio-
Rad Laboratories Inc., USA) and Platinum Taq DNA Polymerase High Fidelity
(Invitrogen, USA) in a total volume of 25 pL, under the following conditions: 1 cycle at
94°C for 5 min followed by 35 cycles at 94°C for 1 min, 54°C for 1 min, and 72°C for
1 min, and 1 cycle at 72°C for 5 min. A 856 bp DNA fragment was recovered, cloned
into the pGEM®-T Easy cloning vector (Promega Co. USA), and subjected to
nucleotide sequencing by Automated DNA Sequencing Service at Macrogen (Seoul,
Korea). The second PCR amplification was performed with specific primers (5-ATG
GAT AGT CAC AAA AGG AGT TTG-3’ and 5’- CTA AAC GGA GAC GAT GTT GG)
designed based in the Brassica oleracea var. oleracea sequence, GenBank
accession no. XM_013750511, covering the coding sequence of the gene. The
positive recombinants were confirmed by restriction enzyme analysis, using EcoRI
enzyme, and DNA sequencing was carried out by Servicio Central de Apoyo a la
Investigacion, Universidad de Cérdoba (Cérdoba, Spain) in the sense and antisense

directions with universal primers T7 and SP6, respectively.

Sequence analysis

DNA sequencing chromatograms were processed and the consensus sequences
assembled using CodonCode™ Aligner (Li-COR Inc., USA). Homology searches
were carried out using the BLAST program at the NCBI website

(http://www.ncbi.nim.nih.qov/BLAST/). Alignments of multiple protein sequences

were performed using Clustal Omega version 1.2.1 [15]

(http://www.ebi.ac.uk/Tools/msa/clustalo/) and potential cleavage sites were
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identified using PeptideCutter [16] (http://web.expasy.org/peptide cutter/). One kb

upstream (from the start codon) of the gene was extracted as promoter sequences

using Phytozome database [17] (http://www.phytozome.net/). To investigate potential

regulatory cis-acting elements, the putative Bol promoter was analyzed with
PlantCARE [18] (http://bioinformatics.psb.ugent.be/webtools/plantcare/html/).

Gene expression analysis using semi quantitative and real time quantitative PCR
(RT-gPCR)

Relative expression analysis of Bol was carried out from leaf, stem and root
tissues using iCycler iQ system (Bio-Rad Laboratories Inc., USA). Total RNA was
isolated from different tissues using the TRI REAGENT® RNA/DNA/protein isolation
reagent (Sigma-Aldrich, USA). Prior to RT-qPCR, total RNA was treated with RNase-
free DNAsel (New England Biolabs, USA) at 37°C for 30 min to eliminate any traces
of genomic DNA. To ascertain successful removal of DNA, a PCR reaction was done
with primers UBQ2-F and UBQ2-R to confirm the absence of amplification bands of
the ubiquitin-2 (gene ID. KF218594) using the DNase-treated RNAs samples. Equal
amounts of RNA extracted (2.5 ug) from all samples were used to synthesize first
strand cDNA anchored with Oligo dT in a 20 pl reaction using SuperScript™ First-
Strand cDNA Synthesis SuperMix kit (Invitrogen, USA). Semi-quantitative PCR was
performed with primers BOLSRT-F and BOLsSRT-R; UBQ2-F and UBQ2-R (Table
S1), under the following conditions: 1 cycle at 95°C for 3 min followed by 25 cycles of
95°C for 45 s, 57°C for 30 s and 72°C for 30 s followed by a final extension of 72°C
for 7 min. Real-time gPCR was carried out with the iCycler iQ system using the iQ
SYBR Green supermix (Bio-Rad Laboratories Inc., USA) and the Bol gene-specific
primers BOLgRT-F and BOLQRT-R (Table S1). The PCR amplification parameters
were 95°C for 5 min, followed by 40 cycles of 95°C for 30 s, 60°C for 30 s and 72°C
for 30 s. The melting curve (single peak for each primer) was used for primer
specificity with a temperature range of 60—100°C by increments of 0.5°C. Analysis of
relative gene expression was done according to Livak and Schmittgen (2001) [19]

using Ubiquitin-9 (gene ID.At4G27960) as reference gene.

Effect of light and darkness on the Bol expression

To test the effect of light and darkness on Bol gene expression, leaves of eight

week-old plants were excised and kept in a humidified chamber protected from light
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for 4 days. Control leaves were kept in the same conditions, but with 16 hours of light
and 8 hours of darkness. Samples were processed and transcript levels were
measured by semi-quantitative PCR with BOLSRT-F and BOLsSRT-R and Ubiquitin-2
as reference gene. The densitometric value of optical density (OD) units of each
band, obtained using the program Quantify One (Bio-Rad Laboratories Inc., USA)

was then related to the OD units of the corresponding band of the ubiquitin.
Effects of different biotic and abiotic stimuli on the Bol expression

To investigate if Bol may be responsive to biotic and abiotic stimuli, seeds were
grown in Petri dishes using MS medium as described above. The seedlings were
then transferred, after 5 days, to culture bottles with different MS medium
combinations. For simulated biotic stress we used 100 uM methyl jasmonate (MeJa),
200 uM salicylic acid (SA) or 10 uM l-aminocyclopropane-1-carboxylic acid (ACC).
Whereas, for abiotic stress 90 mM NaCl, 100 mM mannitol or MS modified medium
lacking potassium phosphate were used. Tissues were collected after 72 h of
treatment, and stored until further analysis. Control plants were similarly transferred

to only MS medium.

Construction of expression vector

Amino acid sequence (301 residues) of BOL was back-translated in silico and
DNA encoding of the protein of interest was synthesized by Genscript (Genscript
Co., USA) with the E. coli preferred coding usage. The 3'-end of the Bol gene was
extended by addition of six His residues corresponding to the His-Tag. Ndel
restriction site was incorporated into the 5’-end, and Sall was incorporated into the

3’-end into the expression vector pET21b(+).

Expression and purification of rBOL

The recombinant protein was expressed after transformation of BL21 (DE3) and
C41 (DE3) cells with the construct pET21b-Bol. Transformed cells were cultured in
20 mL of LB agar-plates supplemented with 100 pg/mL ampicillin. Plates were
incubated overnight at 37°C. Single colonies were inoculated in 5 mL LB

medium/100 pg/mL ampicillin, overnight at 37°C with shaking at 220 rpm. This pre-

culture was used to inoculate (1:100) 500mL LB medium containing 50 pg/mL
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ampicillin, which was cultivated at 37°C or at 20°C. For expression at 37°C, 1 mM
Isopropyl B-D-1-thiogalactopyranoside (IPTG) was added when the ODsoonm reached
between 0.6 — 0.8, then cultures were incubated for another 4 h at 37°C. For
expression at 20°C, the cultures were induced by adding 1 mM IPTG and grown at
20°C overnight with shaking at 220 rpm. The cells were placed on ice for 10 min and
harvested by centrifugation at 5.000 g for 10 min at 4°C. Pellets were resuspended in
lysis buffer (50 mM Tris, 300 mM NaCl, 10 mM imidazole pH 8.0). The homogenates
were sonicated 6 times for 10 s on ice, with 10 s interval between each sonication
and then, centrifuged at 7000 g for 15 min. The supernatant was loaded onto a His
Trap column (0.7 cm x 2.5 cm, GE Healthcare). The column was washed with
washing buffer (50 mM Tris, 500 mM NaCl, 10 mM imidazole, pH 8.3) to exclude
nonspecifically bound contaminants and eluted with elution buffer (50 mM Tris, 500
mM NacCl, 300 mM imidazole, pH 8.3). Finally, recombinant protein was concentrated
10-fold and the buffer was exchanged to PBS buffer (NaH2PO4 10 mM, NazHPO4 40
mM, NaCl 150 mM, KCI 2.7 mM) at pH 7.4 using an Amicon® Ultra filter (Merck
Milipore, Germany). The concentration of this protein was determined according to
the BCA assay (Pierce Biotechnology, USA) with bovine serum albumin as a

standard, according to manufacturer instructions.

SDS-PAGE

SDS—polyacrylamide gel electrophoresis (SDS—PAGE) was conducted using 12%
(w/v) acrylamide in gels and the protein bands were visualized by 2% (w/v)
Coomassie brilliant blue R-250. Protein Ladder Marker (Pierce Biotechnology, USA)

was used as the standard molecular mass marker.

Biological activity

Activity of the recombinant protein was assessed by a hemagglutination assay. A
serial two-fold dilution of the lectin (50 yL) was gently mixed with 25 uL of a 2% goat
erythrocyte suspension in microtiter U-plates, incubated at 37°C for 1 h, and the
agglutination was visualized. The titer is defined as the reciprocal of the highest
dilution exhibiting hemagglutination. Specific activity is defined as the number of

hemagglutination units per mg protein.
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Thermal stability of recombinant lectin

To study the effect of temperature on hemagglutinating activity, purified rBOL was
incubated for 30 min at different temperatures (4, 25, 50, 60, 70, 80, 90 and 100°C).
At the end of the incubation period, the samples were gradually cooled to room

temperature (25°C) and measured for their remaining functional activity.

Western Blot Analysis

Protein samples were separated on 12% PAGE/SDS and electrophoretically
transferred onto nitrocellulose membrane for 2 h using a Mini Trans-Blot® Cell
system (Bio-Rad Laboratories Inc., USA). Non-specific protein-protein interactions
were blocked using 3% gelatin in TBS-T buffer (20 mM Tris-HCI, 150 mM NacCl,
0.1% v/v Tween-20) for 1 h at room temperature. The membrane was incubated with
a polyclonal BOL antibody produced in our laboratory against the native lectin in
mouse (not shown) diluted 1:100 in blocking buffer (1% gelatin) for 2 h at room
temperature after that was washed three times for 15 min each time in TBS-T buffer
and then incubated with a 1:2000 dilution of secondary HRP-conjugated antibody for
30 min (rabbit anti-mouse IgG, Sigma-Aldrich, USA.). Immunoreactive bands were
visualized using 3,3’-diaminobenzidine (DAB) as chromogen (Sigma-Aldrich, USA).
We used prestained protein standard broad range as ladder (Bio-Rad Laboratories
Inc., USA).

Analysis of the predicted three-dimensional structure of the BOL protein

Prediction of the secondary structure of BOL was done with SOPMA (http://npsa-
pbil.ibcp.fr/cgi-bin/npsa_automat.pl?page=npsa_sopma.html) and a tertiary structure

analysis was accomplished using RaptorX [20] (http://raptorx.uchicago.edu/). The

predicted model was visualized using the PyMOL Molecular Graphics System
(DeLano Scientific, USA).

Circular dichroism

Circular dichroism (CD) measurements of the recombinant lectin were performed
in PBS buffer, pH 7.4 using a Jasco J 810 spectropolarimeter (Jasco Inc., USA).
Each sample was scanned four times from 190 to 250 nm in a quartz cuvette with a
0.1 cm path length. The baselines (buffer alone) were subtracted from the protein

sample spectra.
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Statistical analyses

All results are means of three independent experiments with two technical
replicates per experiment. Values are mean = SE. Data were subjected to one-way
ANOVA for means comparison using the statistical software package (GraphPad
Prism®, La Jolla, USA), and the means were compared using confidence interval by
Dunnet’'s test (p < 0.05). In the tissue expression analysis, the letters represent
significant differences (p < 0.05) based on ANOVA using the Holm-Sidak method.

To test the light/darkness effect, a t-test was carried out.
Results

Cloning and sequence analysis of Bol cDNA

A cDNA fragment (approximately 900 bp) of the lectin was amplified using
degenerate primers. The sequenced 856 bp Bol cDNA cloned in this study was
100% identical to the Brassica oleracea var. oleracea gene seguence
(XM_013750511.1), which encodes a putative TRAF-like protein of 350 amino acids.
Specific primers were designed from this sequence. The entire coding DNA
sequence (1053-bp) of Bol was analyzed and deduced (Fig. 1). The deduced amino
acid sequence confirmed an identical protein result with five matched polypeptide
sequences from mass spectrometry and the 19 residues of native lectin determined
by Edman degradation [12]. BLAST searches against protein databases indicated
that the deduced amino acid sequence of the BOL shares no significant homology
with other known lectins. On the other hand, BOL showed 100% sequence identity
with uncharacterized, 350 amino acids TRAF-like proteins, from Brassica oleracea
var. oleracea (XP_013605965.1), 99% identity to Brassica rapa (XP_009111696.1),
and 98% identity to Brassica napus (CDY19775.1). Alignment of BOL and these
TRAF-like proteins is shown in Fig. 2. Analysis of the prediction signal sequences of
the proteins of B. oleracea var. oleracea, B. rapa and B. napus showed they contain
a signal peptide that is most probably cleaved between residues 49 and 50, resulting
in a polypeptide of 301 amino acids. This position corresponded to the beginning of
the determined N-terminal region of the lectin of B. oleracea ssp. botrytis. Therefore,
we considered that the mature BOL protein is consisting of 301 amino acids,

containing two domains with homology to the TRAF family.
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atagtcacaaaaggagtttgggtttcatatctctcgcttttctcttcatcacttgc 60
M D S H K R S Lr G ¥ I S L A F L F I T C

tcttctgctgagttcctcattcaacaggtcacagaaggcaaaggaacagagaacaacagt 120
s s A E P L I Q Q@ V T E G K 6 T E N N S

tattacaatgtcgaggcgaatcttggagagacaagagcgtttagagaggagcgaccatca 180
s ¥y N vV E A N L G E T R A F R ﬁ' E R P S

agtaagatagtgacaatagcaggctactcggtgattaaagggagattcgaaccctacgaa 240
S K I VTIAGT YSVTITZ KTGTRTETETPYE
tcctectgttttcgaagcagectggttacagatggagattggttttgtacgtgattggtaat 300
s S v ¥ E A A G Y R W R L V L Y V I G N
aaaaacgacggtggagctggccatatatcactttacgtgaggatggaagagaccgagtct 360
K N D G G A G H I §$S L Y V R M E E T E S
cttccctatggttgggaagtcaatgttgatctcaaactctttgtccacaatccaaagacc 420
L P Y G W E V NV DL K L F V H N P K T
cataagtacttgactgtcacagatggaaccgtgaagcgatacaacgctgcaaaaaaggag 480
H K vy L T v T D G T VvV K R Y N A A K K E
tggggattcggaaaattgatctctctttcaatattcgagaacacgaacaatggctacatt 540
W G F G K L I s L § I F E N T N N G Y I
gtgcaagacacttgttcttttggtgctgagatcctcattgttaaaccagctgagatacaa 600
v ¢ b T C S F G A E I L I vV K P A E I 0
gagaaagtcacattcatatcaaaccctccacacaatgttttcacttggaagatacttcgt 660
E X vT F I 8§ N P P H N V F T W K I L R
ttctccagcttggaagataaattttactattctgeccgattttctecgttggagaccgatac 720
F $ s L E D K F Y Y S A D F L V G D R Y
tggagattaggctttaacccgaaaggggatggagatggacgaccacatgcacttccacte 780
W R L G F N P K G D G D G R P H A L P L
ttcttatttgctcaaggctttaaggaaaacgcagttgctacgaacacttggggagcagtt 840
F L ¥F A Q G F K E N A V A T N T W G A V
aacttgcggttaaagaatcagcgaaactccaaccacagacaattatattctgcagecttgg 900
N L R L X N Q9 R N S N H R Q L Y S A A W
taccctattcgaagcgattatggtgtaggagtgaacaacatcatattgctatcagattta 960
Yy p T R §$ DY GV GV NN I I L L S D L
aaggatccgtcgaaagggtatttggtgaatgatgccatt%tctttgaagctgaaatg%EE1020
K D P S K G Y L VN DA I I F EAE M V

aaggtctctgtgaccaacatcgtctccgtt 1053
— I
K vs v T N I V S V

Figure 1. Nucleotide and deduced amino acid BOL sequences. The N-terminal
amino acid sequence determined from the native protein is indicated by bold letters
and the tryptic fragments obtained from mass spectrometry are underlined.
Degenerated primers were designed based on these amino acid sequences and are
indicated by arrows (continuous line). Arrows with dotted line indicate specific
primers. Boxes in ATG and TAG mark the positions of the translational start and stop

codons, respectively.
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4
Brassica oleraceae ssp. botrytis MDSHKRSLGFISLAFLFITCSSAEFLIQQVTEGKGTENNSYYNVEANLGETRAFREERPS 60
B. oleraceae var. oleracea (XP_013605965.1) MDSHKRSLGFISLAFLFITCSSAEFLIQQVTEGKGTENNSYYNVEANLGETRAFREERPS

Brassica rapa (XP_009111696.1) MDSHKRSLGFISLAFLFITCSSAEFLIQQVTEGKGTENNS SYNVEANLGETRAFREERPS
Brassica napus (CDY19775.1) MDSHKRSLGFISLAFLFITCSSAEFLIQQVTEGKGTENNS SYNVEANLGETRAFREERPS
Clustal consensus BT R e e e e
Brassica oleraceae ssp. botrytis SKIVTIAGYSVIKGRFEPYESSVFEAAGYRWRLVLYVIGNKNDGGAGHISLYVRMEETES 120
B. oleraceae var. oleracea (XP_013605965.1) SKIVTIAGYSVIKGRFEPYESSVFEAAGYRWRLVLYVIGNKNDGGAGHISLYVRMEETES
Brassica rapa (XP_009111696.1) SKIVTIAGYSVIKGRFEPYESSVFEAAGYRWRLVLYVIGNKNDGGAGHISLYVRMEETDS
Brassica napus (CDY19775.1) SKIVTIAGYSVIKGRFEPYESSVFEAAGYRWRLVLYVIGNKNDGGAGHISLYVRMEETDS
C]L]Sta] consensus LR SRS SRS SRR R RS SRR RS RS E R E R E R R R R R EEREREEEEEEEEREEEEESEE] : *
Brassica oleraceae ssp. botrytis LPYGWEVNVDLKLFVHNPKTHKYLTVTDGTVKRYNAAKKEWGFGKLISLSTFENTNNGYT 1 g0
B. oleraceae var. oleracea (XP_013605965.1) LPYGWEVNVDLKLEVHNPKTHKYLTVTDGTVKRYNAAKKEWGFGKLISLSTFENTNNGY I
Brassica rapa (XP_009111696.1) LPYGWEVNVDLKLEVHNPKTHKYLTVTDGTVKRYNAAKKEWGFGKLISLSTFENTNNGY T
Brassica. napus (CDY19775.1) LPYGWEVNVDLKLEVHNPKTHKYLTVTDGTVKRYNAAKKEWGFGKLISLSIFENTNNGY I
Clustal consensus B R T b
Brassica oleraceae ssp. botrytis VODTCSFGAEILIVKPAEIQEKVTFISNPPHNVFTWKILRFSSLEDKFYYSADFLVGDRY 24(
B. oleraceae var. oleracea (XP_013605965.1) VODTCSFGAEILIVKPAEIQEKVTFISNPPHNVETWKILRFSSLEDKEYYSADFLVGDRY
Brassica rapa (XP_009111696.1) VODTCSFGAEILIVKPAEIQEKVTFISNPPNNVFTWKILRESSLEDKEYYSADFLVGDRY
Brassica napus (CDY19775.1) VQDTCSFGAEIHIVKPAEIQEKVTFISNPPNNVETWKILRFSSLEDKFYYSADFLVGDRY
Clustal consensus hkkkhkkhkhk Khkkhkhkdkhhkhkhhk dhhkkkhhkkrkhhkhkhkkkxkhkkkhkkxkk
Brassica oleraceae ssp. botrytis WRLGFNPKGDGDGRPHALPLFLFAQGFKENAVATNTWGAVNLRLKNQRNSNHRQLYSAAW 30
B. oleraceae var. oleracea (XP_013605965.1) WRLGFNPKGDGDGRPHALPLFLFAQGFKENAVATNTWGAVNLRLKNORNSNHROLYSAAW
Brassica rapa (XP_009111696.1) WRLGENPKGDGDGRPHALPLFLFAQGFKENAVATNTWGAVNLRLKNQRNSNHRQLY SAAW
Brassica napus (CDY13775.1) WRLGFNPKGDGDGRPHALPLFLFAQGFKENTVATNTWGAVNLRLKNQRNSNHRQLY SAAW
Clustal consensus AKX KKKXA XX IK AR IKIX AKX AKX AAA XA A KK 2 AR KKK KKK KKK KKk k &Kk ok kK ok ok ok ok ok ok ok
Brassica oleraceae ssp. botrytis YPIRSDYGVGVNNIILLSDLKDPSKGYLVNDATI IFEAEMVKVSVTNIVSV 350
B. oleraceae var. oleracea (XP_013605965.1) ypTRSDYGVGVNNIILLSDLKDPSKGYLVNDATIFEAEMVKVSVINIVSV

Brassica rapa (XP_009111696.1) YPIRSDYGVGVNNTILLSDLKDPSKGYLVNDAT I FEAEMVKVSVINIVSY

Brassica. napus (CDY19775.1) YPIRSDYGVGVNNIILLSDLKDPSKGYLVNDAIIFEAEMVKVSFTNIVPY

Clus"a] consensus hhkhkhkhkhkhkhkhkhkhkhkdhhhhkhkhhhkhkhhkkhkhkhkdhkhkhkhhkhkdkkhkhkhkkhkkikhk : * ok kK *

Figure 2. Alignment of deduced amino acid sequences between BOL and
uncharacterized proteins of Brassica oleracea var. oleracea (XP_013605965.1) B.
rapa (XP_009111696.1) and B. napus (CDY19775.1). Sequences were aligned
using Clustal Omega version 1.2.1. Identical amino acids are highlighted in gray. The
consensus residues are indicated with asterisks below the sequence, highly
conserved residues with (:) and weakly conserved (.).The N-terminal amino acid
sequence reported for the Brassica oleracea ssp. botrytis lectin is underlined. Arrow
represent the predicted cleavage site in the TRAF-like proteins.

The Bol promoter contains regulatory elements in response to light and stress

signals

To investigate potential regulatory cis-acting elements, the Bol putative promoter
was analyzed in silico with PlantCARE and we considered elements whith matrix
score > 5 (Fig. S1). TATA box (TATA) sequences were found at numerous positions
55 (-), 388 (-), 428 (+), 460 (-), 461 (-), 462 (-), 853 (-), 900 (+), 937 (-), 938 (-), 939
(), 983 (+), 984 (+), 985 (+) and CAAT-box sequences responsible for the tissue
specific promoter activity were identified at 596 (+), 679 (-) positions. Several stress-
regulatory elements, such as TC-rich repeat element, ABRE, MBS, HSE, LTR, which
are homologous to cis-acting elements identified in plants, were found in the Bol

promoter. There are also eight elements related to light responsiveness. (Table 1).
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Table 1. Elements present in the predicted promoter region of Bol according to the
PLANT CARE database. Selected Matrix score for all elements >5

cis element Function

ABRE cis-acting element involved in the abscisic acid responsiveness

ACE cis-acting element involved in light responsiveness

ARE cis-acting regulatory element essential for the anaerobic induction

AT-rich element for maximal elicitor-mediated activation (2 copies)

sequence

Box 4 part of a conserved DNA module involved in light responsiveness (2
copies)

Box Il protein binding site

CAT-box cis-acting regulatory element related to meristem expression

G-Box cis-acting regulatory element involved in light responsiveness (2
copies)

HD-Zip 1 element involved in differentiation of the palisade mesophyll cells

HD-Zip 2 element involved in the control of leaf morphology development

HSE cis-acting element involved in heat stress responsiveness (2 copies)

LTR cis-acting element involved in low-temperature responsiveness

MBS MYB binding site involved in drought-inducibility

MBSI MYB binding site involved in flavonoid biosynthetic genes regulation

MNF1 light responsive element

MRE MYB binding site involved in light responsiveness

P-box gibberellin-responsive element

Skn-1_motif cis-acting regulatory element required for endosperm expression

Spl light responsive element
TC-rich cis-acting element involved in defense and stress responsiveness
repeats

TCT motif part of a light responsive element
as-2-box involved in shoot-specific expression and light responsiveness

circadian cis-acting regulatory element involved in circadian control
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Comparative tissue specific expression of Bol

Tissue-specific expression pattern of Bol was detected in root, stem and leaf by
using an equal amount of RNA sampled from different tissues of B. oleracea ssp.
botrytis by using semi quantitative and quantitative PCR. Results revealed that Bol
transcripts were relatively abundant in leaf tissue, followed by stem and lastly in root

tissue (Fig. 3).
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Figure 3. Comparative expression level of Bol in various tissues. Bol mRNA
expression was measured by quantitative RT-PCR (A) and semi-quantitative RT-
PCR (B). Lane 1 - stem. Lane 2 - leaf. Lane 3 - root. Error bars represent means +
SD (n = 3). Different letters indicate significant differences (p<0.01) based on
ANOVA using the Holm-Sidak method.

Bol expression is regulated by light

The effect of light/dark on the expression of Bol was evaluated after excided
leaves were kept under continuous darkness for 4 days. Results revealed that

darkness decreased Bol expression in leaves (Fig. 4).
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Figure 4. Effect of light on Bol expression. (A) Semi- quantitative PCR results are
shown from excised leaves kept in light — Line 1 and dark — Line 2 for 4 days;
Ubiquitin 2 was used as control. (B) Transcript level of Bol in light and dark
conditions measured by densitometry. Bol transcript accumulation was quantified by
densitometry using Bio-Rad Quantity One software; each value was corrected
according to the Ubqg 2 amplification signal. Error bars represent means + SD (n = 3).
An t-test was carried out and a significant P value < 0.01 is indicated by asterisks.

Bol response to biotic stimuli

Most of the predicted motifs present in the Bol promoter sequence are involved in
response to environmental stress. Since lectins have been long associated with a
role in defense responses, the expression was checked under biotic and abiotic
stress simulating conditions in B. oleracea ssp botrytis. Our results demonstrate that
the expression of Bol increases in response to MeJa but decrease in response to SA
(Fig. 5A and C). Treatment simulating abiotic stress did not cause significate

changes in the Bol transcript levels (Fig. 5B).
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Figure 5. Expression analysis of Bol gene under different environmental conditions
in B. oleracea ssp botrytis. Evaluation of Bol transcript under biotic stress simulation
using quantitative RT-PCR (A) and semi-quantitative RT-PCR analysis (C). Lane 1:
control, Lane 2: 100 uM MeJa, Lane 3: 200 uM SA and Lane 4: 10 uM ACC.
Evaluation of Bol transcript under abiotic stress simulation using quantitative RT-
PCR analysis. Error bars represent means + SD (n = 3). Asterisks indicate stress
treatment groups that showed a significant difference in transcript abundance
compared with the control group (*p < 0.05; ** p < 0.01).

Recombinant expression of pET21b(+)-Bol

In order to observe the expression of Bol in E. coli, the mature protein coding
cDNA of Bol was cloned into an expression vector. The resulting construction was
confirmed by restriction analysis and sequencing (not shown) and named pET21b-
Bol. pET21b-Bol was expressed in E. coli BL21 (DE3) and C41 (DE3). Initially, we
tested different concentrations of IPTG (0.3, 0.4, 0.5, 1, 1.5 and 2 mM), the
optimized expression condition was obtained with 1 mM of IPTG. Using this
concentration, two expression conditions were compared: 4 h at 37°C and overnight
at 20°C. A molecular weight of about 35 kDa was expected for the BOL recombinant
protein. As is shown in Fig. 6, a protein of the expected molecular mass was
expressed upon IPTG induction, whereas no similar size protein was observed in the
non-induced E.coli transformed with same vector pET21b-Bol. The protein was both
present in soluble and insoluble (inclusion bodies) fractions, in the two bacterial

strains, however, BL21 (DE3) had slower growth and lower recombinant protein
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production either at 37°C or 20°C. Protein solubility is usually correlated with its
correct folding and activity, therefore our aim was to establish the conditions to
obtain high production of soluble protein and correctly folded protein. We chose to
express in large-scale pET21b-Bol at 20°C overnight in the C41 (DE3) strain, which

gave rise to a higher amount of soluble protein.

Purification of recombinant lectin

The recombinant lectin was purified from the bacterial lysate by affinity
chromatography on a nickel column, and it was eluted with 300 mM imidazole in 50
mM Tris/500 mM NacCl, resulting in the profile shown in Fig. 6C.

The molecular mass of rBOL was estimated to be 34 kDa using SDS-PAGE. This
electrophoretic profile is similar to that provided by native protein (Fig. 6D). The
ultimate concentration of recombinant protein analyzed by the BCA protein
estimation assay was 600 pg/mL, with an average yield of 2 mg of purified lectin per

liter of bacterial culture from C41 (DES3) strain.
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Figure 6. Solubility comparison of rBOL expressed at different temperatures and
purification of recombinant protein. (A) BL21 (DE3) strain (B) C41 (DE3) strain. The
arrowhead points out the position of target protein. Lanes 1 and 5: control without
IPTG; Lanes 2 and 6: induced whole-cell lysate; Lanes 3 and 7: supernatant of the
cell lysate; Lanes 4 and 8, pellet of the cell lysate. (C) Elution profile of soluble
cytoplasmic fraction of rBOL on Ni-Sepharose affinity column monitored by
measuring absorption at 280 nm. Solid line: C41 (DE3). Dotted line: BL21 (DE3). (D)
SDS-PAGE analysis of purified rBOL. Lane 1 - whole bacterial cell lysate. Lane 2 -
rBOL purified by affinity column. Lane 3 - purified native BOL loaded as control. MM:
molecular weight markers.
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Properties of recombinant lectin

We showed that recombinant lectin has structural and functional properties similar
to those of the native protein. The hemagglutination assay is the most widely used
tool to evaluate the carbohydrate-binding ability of lectins. rBOL induced cell
agglutination at concentrations 1.875 pg/mL, with specific activities of 533 HA/mg,
while the native protein showed agglutination at 2 pg/mL and specific activities of 500
HA/mg (Table 2).

Table 2. Hemagglutination activity of BOL and rBOL. Hemagglutinating Activity Unit
(HA), corresponds to the minimum quantity of protein capable of inducing
agglutination; HA/mg corresponds to the amount of hemagglutinating units per
milligram of protein.

Protein Total Protein (ug) Total Activity (HA)  Specific Activity (HA/mg)

rBOL 600 320 533

BOL 160 80 500

Thermal stability of the rBOL was determined in the temperature range from 4°C
to 100°C (Fig. 7A). The lectin was stable up to 60°C for 30 min and it was totally
inactivated when incubated at 70°C or above for 30 min. Polyclonal antibodies
generated against BOL by immunizing a mouse with native form of the lectin (not

shown) were able to recognize native and recombinant lectin (Fig. 7B).
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Figure 7. Properties of rBOL. (A) Effects of temperature on the hemagglutination
activity of rBOL. The activity was determined after incubation of lectin at different
temperatures (4—100°C) for 30 min. (B) Western blot of the recombinant BOL (Lane
1) and native BOL (Lane 2) developed with polyclonal antiserum raised against the
purified natural protein.

Analysis in silico of the secondary structure of BOL using SOPMA and Raptor-X
programs showed the presence of B-sheets connected with turn and coil. The BOL
protein contained 2% helix, 45% B-sheet and 51% loop structures. The solvent
accessibility was divided into three states by 2 cut-off values: 10% and 42%. A value
of less than 10% was identified as buried, higher than 42% was identified as
exposed and between 10% and 42% was identified as medium. Proportions of
buried, medium and exposed regions in our protein were 27%, 35% and 37%,
respectively. Raptor-X structure prediction showed a three-dimensional model with
100% of the amino acid residues modeled in two in-tandem arrayed MATH-domains:
domain 1 consists of residues 1-157 and residues 158-301 compose domain 2, with
overall uGDT(GDT) value 214(71) and p-value 1.17e-07. A schematic representation
of the structure is shown in Fig. 8A. Both domains exhibited folding mode and spatial
configuration similar to PDB 2F1X, a MATH domain of HAUSP/USP7 [21]. Although
it did not displayed any sequence homology to any other lectin described, the BOL

protein had an overall dome-like structure typical of L-type lectins with a B-sandwich
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fold. The secondary structure of recombinant lectin was investigated by circular
dichroism and showed a typical spectrum of proteins constituted by B-sheet with a

broad negative band near 218 nm (Fig. 8B).
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Figure 8. The structure of BOL. (A) Ribbon diagram of the predicted three-
dimensional BOL structure. The model was generated with RaptorX using PDB
template 2F1X. The lectin contains two MATH-domains and adopts a dome-like fold
typical of L-type lectins. Helices are colored red, B-sheets are yellow, and loops are
gray. N and C mark the N- and C-terminal ends of the protein. (B) CD spectra of BOL
in PBS buffer.

Discussion

The present study describes the cloning, sequencing, promoter in silico analysis
and heterologous expression of a novel lectin isolated from Brassica oleracea ssp.
botrytis (BOL). BLAST search of deduced amino acid sequence demonstrated that
BOL is 99% identical to uncharacterized Tumor Necrosis Factor Receptor-associated
Factors (TRAFs)-like protein from Brassica rapa (XP_009111696.1) and Brassica
napus (CDY19775.1), and two conserved MATH-domain were detected in lectin
sequence. The TRAF domain, also known as meprin and TRAF-C homology (MATH)
domain is a fold of seven or eight anti-parallel B-sheets that form B-sandwich

structure containing a surface crevice responsible for protein-protein interactions
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[20,21]. We have previously shown that BOL is a lectin, capable of binding to
glycoproteins as fetuin and asialofetuin, and that this occurs via oligosaccharide
moieties instead of protein-protein interactions [12], which could be a new interaction
mechanism, as yet unidentified in TRAF proteins. Lectins able to precipitate
glycoconjugates show at least two carbohydrate-recognition domains (CRD) [3].
Based on this and even in the absence of structural data, we hypothesized that CRD
domains can be located in the MATH domains or compose the domain itself.

BOL three-dimensional structure exhibited only two MATH-domains. Proteins that
feature MATH-domains are commonly associated with other protein domains,
including peptidases, filamin and RIuUA domains, broad-complex, tramtrack and brie-
a-brae (BTB) domain, tripartite motif (TRIM), astacin domain and RING and Zinc
finger domains. Nevertheless, there are a large number of hypothetical proteins
identified by conceptual translation of genomes displaying one or multiple MATH-
domains arranged in tandem (MATHd-only). These proteins are common in plants,
lower metazoan and lower eukaryotes, but their function is not yet known [9]. Recent
studies have been developed to try to clarify the physiological role of this class of
proteins. The TRAF-protein of Arabidopsis roots is one of the first components to
respond to the presence of the fungus Piriformospora indica, which interacts with
Arabidopsis and mimics an arbuscular mycorrhiza [11]. Zhao and colleagues (2013)
analyzed the expression pattern of genes coding for possible MATHd-only proteins in
B. rapa and suggested that these genes may be involved in seed development [23].
Huang et al. (2016) reported the identification of two TRAF proteins Arabidopsis as
redundant immune regulators [24]. MATHd-only sequences represent the majority of
the MATHd-encompassing proteins identified in Arabidopsis thaliana and
Caenorhabditis sp. and have been considered as truncated proteins [9]. Hitherto
there have been no studies, at the protein level, that have identified functional
MATHd-only proteins, and accordingly BOL is the first functional protein isolated
having only MATH-domains.

Bol promoter analysis revealed the presence of numerous TATA box, two CAAT-
box and 23 regulatory elements in response to light signals and stress. The presence
and the number of TATA boxes can quantitatively increase the gene expression and
CAAT-box sequences have a proven positive impact on frequency of transcriptional
initiation [25].The promoter analysis also identified TC-rich repeats (ATTCTCTAAC)
which are associated with a defense and stress-responsive element of Nicotiana
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tabacum anionic peroxidase gene [26]. The MBS element is a binding consensus
site for a MYB homologue [27], LTR is a low-temperature responsive element of a
Hordeum vulgare lipid transfer protein gene [28] and HSE is an element involved in
heat stress responsiveness in Brassica oleracea. In plants, most ABA-responsive
genes have the conserved ABREs in their promoters, which are significant cis-
elements for genes responsive to abiotic stress in Arabidopsis [29].

Additional predicted cis-regulatory elements including, an endosperm expression
element, P-box, a Skn-1 motif, a circadian element, and an as-2-box, were also
identified in the promoter region. Most of the predicted motifs are involved in
response to environmental stress. The presence of these elements suggests that Bol
promoter may play a core role in defense response regulation. The plant hormones
jasmonic acid (JA), salicylic acid (SA), and ethylene (ET) are primarily involved in
plant defense [30]. Increased expression in response to JA and ET [31], SA [32] are
related to pathogen protection responses. In this study, Bol was upregulated by
MeJa and downregulated by SA, in agreement with the primary mode of mutually
antagonistic interaction between these two phytohormones pathways [33]. Classical
lectins have constitutive expression and are expressed in high amounts in seeds and
vegetative storage tissues. These plant lectins have not generally been thought to be
inducible proteins [34]. Nevertheless, there is increasing evidence that some lectins
are induced by biotic or abiotic stimuli, such as salt stress, drought, light, heat or cold
[35]. During the last decade, this new class of plant lectins has been extensively
studied [36] and the identification of inducible lectin genes provides experimental
evidence that reinforces the idea of a potential intersection between lectins and plant
stress responses [37]. The results of Bol transcript induction presented herein
provide new insights into the possible role of BOL in stress responses from
Brassicas.

Another interesting feature of the Bol promoter was the frequent presence of
response elements to light and the light/darkness experiments demonstrated the
importance of these elements in the gene expression, since there was a 59%
reduction in the BOL expression in leaves kept in the dark. Light is one of the most
important environmental stimuli for plants, not only as an energy source, but also as
a critical signal for controlling physiological and developmental processes [38],
including the regulation of light-responsive genes [29,30]. Jung et al. (2008) found
significant 8-fold or greater induction in the light, relative to dark conditions, in
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different genes from rice [41]. Higher expression of Bol under light conditions is
consistent with the expression pattern observed in the cauliflower tissues. A high
level of Bol mRNA was found in organs like leaves and stems grown under well-
illuminated conditions. These results suggest that Bol regulation may be mediated by
light.

At the protein level, a better understanding of the BOL structure and functions
requires larger quantities of this lectin. Nevertheless, purification of BOL from natural
sources includes three chromatography steps and is a time consuming process
demanding a large amount of initial biological material. Through these laborious
purification steps, we recovered only 12% of total activity [12]. Identification of the
whole coding sequence of the lectin plus heterologous expression could easily solve
the problem of low protein yield by conventional purification procedures. In order to
optimize the process to obtain soluble protein we tested different induction conditions
for BL21 (DE3) and C41 (DE3). The amount of soluble protein obtained for the strain
BL21 (DE3) was less than 0.1 mg/L in contrast to 2 mg/L for C41 (DE3), most likely
due to toxic effects that BOL exert on this strain. Thus, for large scale expression, we
choose to cultivate the C41 (DE3) strain at a lower culture temperature. Purified
rBOL showed a molecular mass of ~ 34 kDa on SDS-PAGE, which indicated that the
monomeric structure is identical to the native state, in agreement with previous
results with the lectin extracted from the plant [12]. The recombinant lectin promotes
hemagglutination of goat erythrocytes, therefore soluble rBOL retains the ability to
bind carbohydrate motifs. Furthermore, it showed a thermal stability pattern similar to
that of native BOL. rBOL also was recognized by anti-BOL antibodies raised against
the native lectin, showing that the purified rBOL corresponds to the native protein.
Taken together, these results indicated that recombinant lectin has structural and
functional properties similar to those of the native protein and confirm that the
hemagglutination activity is indeed performed by a TRAF protein.

Using bioinformatics tools, we predicted that the BOL three-dimensional structure
resembles that of the L-type lectins, despite its primary sequence not being closely
linked to any clusters of the other known lectins. The more recent classification of
plant lectins was based on studies of genome/transcriptome that enabled the
grouping of these proteins into twelve distinct families of evolutionary and structurally
related carbohydrate-recognition domains [3,34]. Commonly L-lectins are composed
of antiparallel B-sheets connected by short loops and 3-bends, and form a dome-like

59



structure [43]. BOL showed a dome-like structure typical of the L-type lectins. The
spectrum of circular dichroism from the recombinant lectin corroborates the data
obtained for the prediction of the secondary structure of the BOL. Nevertheless, most
of the L-lectins consist of two or four subunits, each with a single, small carbohydrate
combining site with the same specificity, and a metal binding site (for calcium and
manganese) usually required for their carbohydrate-binding activity. Each subunit
has a size of 25-30 kDa and is composed of a single polypeptide chain of 200-300
residues [44]. In the present study, the full-length cDNA sequence of BOL encoded
only one subunit with two domains. Moreover, the metal binding site is not crucial for
biological activity of this lectin as shown previously [12]. These findings suggest that
the BOL might be a new L-type lectin with peculiar features or even be part of a new
family of lectin not yet described.

In conclusion, the Bol cDNA encoding a lectin from B. oleracea ssp. botrytis was
successfully cloned and expressed using the His-tag pET21b(+) vector system. The
full coding sequence confirmed identity with TRAF proteins and the resulting
recombinant protein retained the ability to recognize carbohydrates, thereby BOL is
the first TRAF protein with lectin activity. Furthermore, Bol promoter analysis
identified motifs involved in response to environmental stress and Bol transcript was
changed under biotic stress simulation, suggesting that BOL may play a role in
defense response regulation of plants. The heterologous expression of the
recombinant protein in E. coli as showed here is a promising tool for large-scale
production of BOL, enabling the advancement of our understanding of this intriguing

TRAF-like protein with lectin activity.
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Table S1. List of primers used in this study.

Name Forward 5-3’ Reverse 5'-3’ amplicon size  Primer use
BolDegl GARACNMGNGCNTTYMGNGAR TGTTGGTCACAGAGACCTTAAC ~850 bp cloning
BolDeg2 GGAGCGACCATCAAGTAAGATAG CTTAACCATTTCAGCTTCAAAGAT ~850 bp cloning
BOLSpf ATGGATAGTCACAAAAGGAGTTTG CTAAACGGAGACGATGTTGG 1053 bp cloning
BOLSRT ACAGATGGAACCGTGAAGCGA CGCTTCGAATAGGGTACCAAGC 478 bp SQ-PCR
UBIQ2 ATATTCGTGAAGACGCTG CTCAACTGGTTGCTGTG 359 bp SQ-PCR
BOLJRT CGTGAGGATGGAAGAGACCGA AGCGTTGTATCGCTTCACGG 133 bp RT-gPCR
UBQ9 GAAGACATGTTCCATTGGCA ACACCTTAGTCCTAAAAGCCACCT 160 bp RT-gPCR

SQ-PCR: semi quantitative PCR; RT-gPCR: quantitative PCR; bp base pair
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Figure S1. Predicted Bol promoter nucleotide sequence of Brassica rapa FPsc v1.3

extracted using Phytozome database. Motifs with significant similarity to the

previously identified cis-acting elements are shaded in different colors and the

correspondent names are given bellow.
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7.ea mays 909 - 6 CACGTT cis-—acting regulatory element involved in light responsivene
)W so-zip 1
’ 3 s Matrix s
Site Name Organism Position Strand sequence function
score.
HD-Zip 1 Arabidopsis Lhaliana 598 - 8.5 CAAT (A/'1) ATTG elemenl involved in differenlialicon of Lhe palisade mesophyll cells
HD-Zip 2
- - - Matrix .
Site Name Organism Position Strand score, Seduence function
HD. Arabidopsis thaliana 598 - 8 CAAT(G/C)ATTG element involved in the control of leaf morphology development
HSE
2 3 i % Matrix i
Site Name Organism Position Strand sE5%E sequence function
ore.
sg Brassica oleracea 15 = 9 ARRAAATTTC cis-acting element involved in heat stress reaponsivene
HSE Brassica oleracea 917/ - 9 AAAAAATTTC cis—acting element involved in heat stress responsiveness
- - Matrix -
Organism Position Strand sequence function
score.
Hordeum vulgare 38 = 6 CCGAAA cis-acting clement involwved in low-temperaturce responsivencess
Hordeum wvulgarec 592 = 6 CCGAAA cis-acting clement involved in low-tempecrature responsiveness
. —— Matrix .
Organism Position Strand sequence function
score.
Arabidopsis thaliana 150 - 6 TAACLG MYB binding site involved in drought-inducibility
- sy Matrix -
Organism Position Strand sequence function
score.
Petunia hybrida 120 = PR aaalaaC (G/C)GTTA MYB binding site involved in flavonoid biosynthetic genes regulation
3 ] Matrix .
Organism Position Strand sequence function
score.
5 . GT C(A/T) 5 i
MNET Zea mays 964 L 6.5 light responsive element

(A/T)



Organism Position Strand

Petroselinum crispum 898 +

P-box

Site Name Organism Position Strand

EB-box Oryza salliva 851 !

& Skn-1 motif

gt Spl

Site Name Organism Position Strand
Zea mays 686 -

+ TATA-box

+ TC-rich repeats

Site Name Organism Position Strand

574 t
810 +

Nicoliana Labacum

TC—rich repeals

Nicoliana tabacum

TCT-motif

Site Name Organism Position Strand

TCT-mokif Arabidopsis thaliana 563 +
Unnamed 1

Unnamed 3

Unnamed 4

as-2-box

+ |+ |+ |+

Site Name Organism Position Strand

as=2-box Nicollana Labacum 478 !

+ box E
circadian

o

Site Name Organism Position Strand

Lycopersicon

circadian
esculentum

727 +

Matrix
sequence function
score.
7 AACCTAA MYB binding site inveolved in light responsiveness
Matrix ¥
sequence function
score.
7 gibberellin-responsive elemenl
Matrix 5
sequence function
score.
5.5 cCc(G/A)cece lighl responsive elemenl
Matrix .
sequence function
score.
9 ATTIICITCA cis—acling elemenl involved in deflense and slress responsiveness
9 ATTCTICIAAC cis-acling element involved in defense and slress responsiveness
Matrix .
sequence function
score.
(3 TCTTAC part of a light recsponsive clement
Matrix %
sequence function
score.
9 GATAaLGATG involved in shool-specilic expression and lighl responsiveness
Matrix 1
sequence function
score.
6 CAANNNNATC cis-acting regulatory clement invelved in circadian control



GENERAL CONCLUSIONS

This is the first report of the isolation of a lectin from Brassica oleracea ssp.
botrytis (BOL). BOL is a monomeric lectin, non-glycosylated with a molecular mass
of ~34 kDa. It is active at the temperatures from 4°C up to 60°C, pH 7.0 and 8.0. In
this study we purified, characterised and evaluated the stimulatory effects of BOL,
which demonstrated be able activate macrophage improve their clearance capacity.
It is also described for the first time a TRAF-like protein with lectin activity, supporting
the concept that the lectins are indeed multifunctional and diverse group. The new
lectin isolated from cauliflower can favoring the removal of foreign agents, which is a

potentially exploitable activity.

The Bol cDNA was successfully cloned and expressed using the His-tag
pPET21b(+) vector system. The full coding sequence confirmed identity with TRAF
proteins and the resulting recombinant protein retained the ability to recognize
carbohydrates, thereby BOL is the first TRAF protein with lectin activity. Furthermore,
Bol promoter analysis identified motifs involved in response to environmental stress
and Bol transcript was changed under biotic stress simulation, suggesting that BOL
may play a role in defense response regulation of plants. The heterologous
expression of the recombinant protein in E. coli as showed here is a promising tool
for large-scale production of BOL, enabling in advancing our understanding of this

intriguing TRAF-like protein with lectin activity.
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