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Abstract: Lectins are proteins of a non-immune nature with activity against microorganisms, insects,
and tumor cells. The aim of this work was to predict the physicochemical characteristics, structure,
and functional properties of a Bauhinia holophylla lectin (BhL), sequenced from genomic material
obtained from calli cultures, through bioinformatics tools. The results showed a high similarity
between the Bhl gene and nucleotide sequences that encode lectins expressed by Bauhinia species and
a high identity between the protein sequence of BhL and lectins from B. forficata (90%), B. variegata
(79.04%), B. purpurea (78.01%), and B. ungulata (85.27%). BhL has 289 amino acids, of which 30, 85,
and 174 residues are related to α-helix, β-sheet, and disordered regions, respectively. Their estimated
molecular weight is 31.9 kDa and the theoretical isoelectric point is 5.79. Bauhinia holophylla lectin
possibly undergoes phosphorylation and glycosylation at specific sites. Conserved protein domains,
catalytic sites, and conserved amino acids were observed in BhL, bringing it closer to lectin families
from other legume species. The prediction signaled the presence of a sequence of 28 amino acids at
the N-terminal end of BhL, with a high hydropathicity index and conceptualized as a signal peptide.
The molecular function predicted for BhL was associated with carbohydrate recognition activity. BhL
could be an extracellular protein, and its three-dimensional structure showed 78.82% identity with
the B. purpurea lectin.

Keywords: computational biology; Bauhinia species; Leguminosae; in silico analysis

1. Introduction

Lectins correspond to a heterogeneous group of proteins of a non-immune nature
that specifically recognize and bind reversibly to carbohydrate structures but do not pos-
sess enzymatic activity [1]. They are soluble or membrane proteins present both inside
and outside cells [2]. Calcium and manganese ions are required for its structuring, sugar
binding, and biological activities [3,4]. Lectins are widely expressed in diverse organisms,
including fungi, bacteria, viruses, and higher plants, and are also known as agglutinins or
phytohemagglutinin due to their ability to agglutinate red blood cells and/or precipitate
glycoconjugates [4,5]. Generally, lectins are encoded by gene families, with highly homolo-
gous sequences that differ in some amino acids, resulting in different isoforms [1]. In the
plant kingdom, most known lectins have been isolated from species of the Leguminosae
family, which includes the Bauhinia genus. Taxonomically, Leguminosae has three sub-
families, namely, Caesalpinioideae, Mimosoideae, and Papilionoideae, the latter of which
most of the studies on lectins concentrate on [3,6]. Bauhinia species are popularly known as
“pata-de-vaca” and comprise more than 300 species of the Leguminosae family, Caesalpin-
ioideae subfamily, of tropical occurrence; they are traditionally used in folk medicine to
treat infections, pain, and diabetes [7,8].
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Generally, legume lectins present high similarities in primary, secondary, and tertiary
structures and exhibit comparable physicochemical and structural properties. However,
lectins differ considerably in relation to their quaternary structure and specificity to car-
bohydrates; therefore, they can be involved in various biological processes [4–6]. Plant
lectins are fundamental to plant life and have important roles in cell-to-cell communication,
stress signal transduction, development, and defense strategies [1,2,9–11]. In addition,
the therapeutic potential of lectins with anti-inflammatory [12,13], antinociceptive [13],
antitumor [14,15], and antimicrobial effects [16] has been demonstrated.

Obtaining proteins directly from plants is still a challenge since this process generally
involves an expensive and low-yield process. Furthermore, the functional characterization
and detailed study of many lectins can be compromised by the quantity and purity of the
protein obtained through processes traditionally used in plant extraction [17,18]. Generally,
the presence of different lectin isoforms in plant extracts prevents a more detailed study of
these heterogeneous mixtures, which makes it difficult to conduct other studies to evaluate
the functional properties and biological activities of a specific lectin [19].

Advances observed in recent decades in the molecular biology and biotechnology
fields have allowed genome sequencing of several species and expanded genomic and
proteomic data available in public repositories. There are over 50,000 genomes from eukary-
otes, viruses, plasmids, and organelles deposited in the National Center for Biotechnology
Information (NCBI) genome database (https://www.ncbi.nlm.nih.gov/genome/, accessed
on 25 October 2023) [20]. This large amount of available data has led to the improvement of
bioinformatics tools, which are useful for characterizing proteins and their isoforms present
in a specific cell or tissue and predicting their functions, providing important information
for future in vivo and in vitro studies [21–23].

Currently, in silico functional studies play an important role in predicting protein
function, linking it to one or more cellular processes, and helping to elucidate its role
in certain metabolic pathways [24]. Bioinformatics has been widely used to provide
structural and functional predictions and interactions with other proteins and to allow
evolutionary inferences to be made [25]. This tool uses computer algorithms to analyze
biological data, including genetic information, protein amino acid sequences, and protein
structures [26]. Several programs with friendly and intuitive interfaces are available for
free. Using algorithms that mimic the conditions and situations that occur in nature, these
platforms allow us to seek answers to complex biological questions, saving time and
money [25,27]. In this way, the in silico characterization of lectins not only provides greater
depth in biological investigations but also allows an individualized study of proteins of
interest and better planning of experimental steps in vitro and in vivo [23].

Despite their importance and the fact that lectins have been studied for a long time,
studies on Bauhinia holophylla lectins, a native species from the Brazilian Cerrado [6,28], still
remain scarce. A single study carried out by Castro et al. [29] demonstrated the possibility
of producing in vitro lectins from B. holophylla via callus culture. Therefore, the present
study aimed to obtain a lectin isoform from B. holophylla callus and clone and sequence the
gene to characterize the protein using computational tools. The results obtained in this
study will facilitate the design and optimization of future studies on the production of
recombinant lectins from B. holophylla and the proposal of functional tests to validate the in
silico analyses.

2. Materials and Methods
2.1. Chemicals

For this study, 6-benzylaminopurine, concanavaline A, trypsine, cetylethylammonium
bromide (CTAB), agarose, ethidium bromide, 2x YT medium, ampicillin, and pUC18
plasmid were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). DNA polymerase
(Phusion Hot Start II High-Fidelity DNA Polymerase, Thermo Scientific, Mundelein, IL,
USA), Taq DNA polymerase (Ludwig Biotecnologia, Rio Grande do Sul, Brazil), pGEM
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T-Easy (Promega, WI, USA), the QIAquick Gel Extraction Kit, and the Plasmid Miniprep
Kit were acquired from QIAGEN (North Rhine-Westphalia, Germany).

2.2. Plant Material, Callus Culture, and Hemagglutination Assay

Bauhinia holophylla (Bong.) Steud. (Fabaceae: Cercidoideae) seeds were collected in the
Brazilian Cerrado in Ijaci, Southern Minas Gerais State, Brazil (21◦09′97′′ S and 44◦55′65′′

W GRW, at 835 m altitude) (SISBIO n◦ 24542-3, IBAMA Registration: 5042260). Fertile
samples were collected, and vouchers were identified by Andreia Fonseca Silva of the
PAMG Herbarium (PAMG 57021) at the Agricultural Research Company of Minas Gerais
(EPAMIG). This study had access permission for plant genetic heritage components (No.
010500/2014-6/CNPq/CGEN/MMA) and was registered on the SisGen Platform (Register
ADFB4A8), according to the Brazilian Biodiversity Law (13.123/2015). This work was
also submitted and approved by the Human Research Ethics Committee of the Federal
University of São João del-Rei (CAAE: 44407121.4.0000.5545).

Genomic DNA of B. holophylla was obtained from 60-day-old callus cultures. Calli
were induced in the Wood Plant Medium (WPM) [30] supplemented with 4.44 µM of
6-benzylaminopurine (BAP) in the presence of light at 27 ◦C with a photoperiod of 16 h,
according to Castro et al. [29].

Fresh callus samples were used to confirm the presence of B. holophylla lectin (BhL)
through the assessment of hemagglutinating activity. For this, lectins were extracted from
fresh callus using saline solution (0.9% sodium chloride) [31]. The extract obtained was
lyophilized and used to determine the hemagglutinating activity using human blood.
A hemagglutination assay was performed using the serial dilution technique of Liener
and Hill [32]. The negative control consisted of the calcium tris-buffered saline (CTBS)
buffer and the erythrocyte solution, and as a positive control, 0.05% Concanavalin A
(obtained from Canavalia ensiforms) was used in CTBS buffer (pH = 7.5) [33]. The assays
were performed in triplicate.

2.3. Obtaining the Nucleotide Sequence
2.3.1. Primer Construction

The specific primers for the amplification of the B. holophylla lectin coding sequence
were constructed from the alignment and identification of conserved regions between B.
forficata (GenBank no. KX027277.1), B. purpurea (GeneBank no. D12481.1), and B. variegata
lectin (GeneBank no. EF558621.1) gene sequences (Table 1) since, in the NLM/NCBI
database (GenBank), there was no deposit of annotations referring to the Bhl gene.

Table 1. Forward and reverse primers were constructed for the amplification of the lectin-coding
gene in B. holophylla.

Primers Sequence
(5′→3′) Tm (◦C)

Forward TAAGCA1GGATCC
2ATGCTTCTCTACAACTCAA

69.5

Reverse TAAGCA1CTCGAG
3CATACTGGAATAAGAGGC

69.5

1 Protective sequence. 2 BamHI restriction site. 3 XhoI restriction site.

2.3.2. Extraction of Genomic DNA

The genomic DNA of B. holophylla was extracted from fresh and compact calli grown
in vitro for 60 days. A 2% CTAB solution associated with glass microspheres was used
for extraction. The integrity and quality of the extracted DNA were assessed using 1%
agarose gel electrophoresis and staining with an ethidium bromide solution. The extracted
DNA was also quantified using a NanoDrop spectrophotometer (NanoDrop 2000c, Fisher
ScientificTM, Marietta, GA, USA).
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2.3.3. Gene Amplification and Cloning

Amplification of the Bhl gene was carried out using the polymerase chain reaction
(PCR) with B. holophylla genomic DNA and specific primers. The PCR reaction was pre-
pared in a final volume of 20 µL, following the pipetting and volume guidelines specified
for the DNA polymerase enzyme. A thermal cycler (Applied Biosystems VeritiTM Dx
Thermal Cycler, Thermo Fisher ScientificTM, Marietta, GA, USA) was used, and the ampli-
fication program (especially the annealing temperature) was adjusted through previous
temperature gradient tests. The optimized program for the amplification of the Bhl gene
consisted of 3 min of initial denaturation at 98 ◦C, 35 cycles of denaturation at 95 ◦C for
10 s, annealing at 69.5 ◦C for 30 s, extension at 72 ◦C for 25 s, final extension at 72◦ C for
10 min, and cooling at 4 ◦C until the reaction stopped.

To confirm the efficiency and quality of the PCR reaction, aliquots of the amplification
product were analyzed on a 1% agarose gel stained with ethidium bromide and the bands
were visualized under ultraviolet (UV) light.

Purification of the DNA fragment of interest was carried out directly from the band
visualized on the gel. A 35 µL aliquot of the PCR product was applied to 1% agarose gel
for subsequent purification of the Bhl gene using a QIAquick Gel Extraction Kit. To confirm
the absence of contamination in the sample, reagents, and equipment, a negative control
was used for the reaction. The negative control contained phosphate deoxyribonucleotides
(dNTPs: ATP, CTP, GTP, and TTP), Phusion Hot Start II High-Fidelity DNA Polymerase,
magnesium ions (Mg2+), forward and reverse primers, and the appropriate buffer for the
enzyme (Buffer 5X HF). To confirm the size/position of the specific band of the Bhl gene,
5 µL of the same PCR product was also applied separately as a positive control. After
quantification of the purified product on a NanoDrop spectrophotometer, a new run on a 1%
agarose gel was conducted to confirm the size and quality of the purified DNA fragment.

Since the DNA polymerase produces “blunt ends”, the BhL gene was adenylated at
the 5′ ends to obtain cohesive ends and complementary to the 3′-T overhang of the pGEM-T
Easy plasmid and, thus, allow the proper insertion of the Bhl gene into the vector. The
adenylation reaction was performed using Taq DNA polymerase, in a reaction with a final
volume of 10 µL, incubated at 72 ◦C for 60 min.

After adenylation, cloning was carried out in the pGEM T-Easy amplification vector.
The binding reaction between the insert and the vector was carried out in a final volume of
10 µL and a molar ratio (insert/vector) equal to 3:1. Furthermore, a positive control, using
the insert provided by the manufacturer, and a negative control were prepared. Reactions
were incubated for 1 h at room temperature and overnight at 4 ◦C.

2.3.4. Transformation of Electrocompetent Cells

Electrocompetent Escherichia coli (DH5α strain) was transformed by electroporation
with the pGEM T-Easy plasmid containing the Bhl gene. After electroporation, the cells
were resuspended in 2x YT medium without the addition of antibiotics, and then an aliquot
of approximately 100 µL was plated in 2x YT medium supplemented with ampicillin
(0.1 g/mL). The plates were incubated at 37 ◦C for 16 h for cell growth in a bacteriological
oven. In addition to the electroporation of electrocompetent cells with the recombinant plas-
mid, the pUC18 plasmid without an insert was used as a positive control and electroporated
bacteria without the addition of any DNA sample as a negative control.

To identify colonies of bacteria transformed with the recombinant plasmid containing
the Bhl gene, colony PCR was performed. At this stage, three colonies were randomly
chosen to perform PCR and replated in 2x YT medium supplemented with ampicillin
(0.1 g/mL) for isolation. The program used for colony PCR was the same as that described
for gene amplification, according to Section 2.3.3.

2.3.5. Purification of Plasmid DNA

Colonies containing the Bhl gene were grown in a 2x YT liquid medium supplemented
with ampicillin (0.1 g/mL) for the subsequent extraction of plasmid DNA. After 16 h of
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incubation, the cells were pelleted by centrifugation, and their plasmids were purified by
small-scale plasmid extraction using the Plasmid Miniprep Kit. After plasmid extraction,
the purified DNA was quantified using a NanoDrop spectrophotometer. The presence and
integrity of DNA were also analyzed through electrophoresis in a 1% agarose gel stained
with ethidium bromide.

2.3.6. Sequencing

Aliquots of 10 µL of purified plasmid DNA in concentrations ranging from 150 to
300 ng/µL were sent to the René Rachou Institute—Fundação Osvaldo Cruz (Fiocruz,
Brazil) for sequencing, which was conducted in hexaplicate. The method used was Sanger
sequencing, and the external primers used were M13/pUC forward and M13/pUC reverse
primers. The six repeats were aligned using the MultiAlin program (http://multalin.
toulouse.inra.fr/multalin/, accessed on 1 February 2024), and all discrepancies in relation
to the position of the nucleotides were visually checked and corrected individually using
the Bioedit Sequence Alignment Editor, version 7.2.5 (https://bioedit.software.informer.
com/7.2/, accessed on 29 January 2024) [34]. After obtaining the consensus sequence,
it was deposited in GenBank and bioinformatic tools were used to predict the in silico,
physicochemical, structural, and evolutionary properties of the BhL.

2.4. In Silico Characterization of the Lectin Associated with the Bhl Gene
2.4.1. Search for Homologous Sequences

The consensus genetic sequence obtained from sequencing was subjected to the BLAST
algorithm to search for homologous nucleotide and protein sequences to the BhL, deposited
and available in a database. The search for homologous nucleotide and protein sequences
was initially carried out using the BLASTn program (https://blast.ncbi.nlm.nih.gov/Blast.
cgi?PROGRAM=blastn&PAGE_TYPE=BlastSearch&LINK_LOC=blasthome, accessed on
1 February 2024), using the default parameters. Translation of the nucleotide sequence
into a protein sequence was performed using the Translate tool (https://web.expasy.
org/translate/, accessed on 1 February 2024). The largest open reading frame (ORF) was
selected, starting with methionine and ending as a stop codon (Frame 2, 5′-3′ direction). The
protein sequence obtained was used in FASTA format to search for homologous sequences
using the BLASTp program (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins,
accessed on 1 February 2024), with the standard search set indicated by the algorithm (Enter
Query Sequence—FASTA format, Standard databases (nr, etc.), Algorithm—blastp/protein-
protein BLAST).

2.4.2. Global Alignment between Homologous Sequences

To identify conserved regions and similarities and differences between sequences,
protein sequences from B. forficata (APD76156.1), B. variegata (ABQ45362.1), B. purpurea
(P16030.2), and B. ungulata (ABD19775.1), which showed greater similarity in BLASTp,
were analyzed and compared to the BhL sequence using the Multialin program (http:
//multalin.toulouse.inra.fr/multalin/, accessed on 1 February 2024). The global alignment
of homologous protein sequences also allowed for the determination of the presence of
catalytic sites and conserved residues between BhL and the Bauhinia species selected in
the analysis.

2.4.3. Analysis of the Physicochemical Properties and Characterization of Amino Acids

For the physicochemical characterization of the BhL protein, the computational
tool ProtParam (https://web.expasy.org/protparam/, accessed on 2 February 2024) was
used, which is part of the ExPASy server. The FASTA format of the protein sequence
was also submitted to the ColorSeq platform (https://npsa.lyon.inserm.fr/cgi-bin/npsa_
automat.pl?page=/NPSA/npsa_color.html, accessed on 2 February 2024) to characterize its
amino acids.
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2.4.4. Prediction of Post-Translational Modifications

Lectin protein sequences were also analyzed to predict post-translational modifications.
The YinOYang 1.2 program (https://services.healthtech.dtu.dk/service.php?YinOYang-1.2,
accessed on 2 February 2024) was used to predict possible O-glycosylation sites, and
the NetPhos 3.1 web server (https://services.healthtech.dtu.dk/service.php?NetPhos-3.1,
accessed on 2 February 2024) was used to predict phosphorylation sites.

2.4.5. Characterization of Functional Domains

The search for functional domains was carried out using InterProScan 100.0 software
(https://www.ebi.ac.uk/interpro/search/sequence/, accessed on 3 February 2024).

2.4.6. Search for Signal Peptides

The search for the signal peptide was performed using SignalP 6.0 software (https:
//services.healthtech.dtu.dk/services/SignalP-6.0/, accessed on 7 June 2024) using the
default parameters.

2.4.7. Prediction of Transmembrane Domains and Structural Characterization

The prediction of transmembrane helices in the protein was performed using the
DeepTMHMM server (https://dtu.biolib.com/DeepTMHMM, accessed on 3 February
2024), version 1.0.24, using the program’s default parameters.

The secondary and tertiary structures were predicted using the computational tools
GOR4 (https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html,
accessed on 3 February 2024) and the AlphaFold3 server (https://alphafoldserver.com/,
accessed on 7 June 2024), respectively.

3. Results
3.1. Obtaining the Nucleotide Sequence of B. holophylla Lectin

Electrophoretic analysis indicated the presence of intact genomic DNA at a concentra-
tion of 1565.8 ng/µL. To optimize Bhl gene amplification by PCR, a gradient with 12 distinct
annealing temperature values was considered in a range that varied from 66.5 to 72 ◦C, with
a half-degree scale between them. In this way, it was possible to observe the amplification
of a fragment of approximately 900 base pairs, which corresponds to the expected size
of the gene that encodes BhL. The best annealing temperature for the primers and the
DNA polymerase activity was 69.5 ◦C. After purification, the Bhl gene showed a yield of
7.6 ng/µL.

Electrocompetent E. coli DH5α bacteria were transformed with the cloning product
and plated on a 2x YT medium containing ampicillin. Colony growth indicated the incor-
poration of pGEM-T Easy plasmids. Amplified fragments of one colony had a size similar
to that expected for the Bhl gene (Figure 1).

The cloning was confirmed by Bhl gene sequencing, which revealed an 867 bp nu-
cleotide sequence. The Bhl gene sequence was submitted and deposited in the GenBank
sequence repository (http://www.ncbi.nlm.nih.gov/genbank, accessed on 15 March 2024)
under accession number PP501329. In silico translation of the nucleotide sequence revealed
a protein consisting of 289 amino acids.

https://services.healthtech.dtu.dk/service.php?YinOYang-1.2
https://services.healthtech.dtu.dk/service.php?NetPhos-3.1
https://www.ebi.ac.uk/interpro/search/sequence/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://services.healthtech.dtu.dk/services/SignalP-6.0/
https://dtu.biolib.com/DeepTMHMM
https://npsa-prabi.ibcp.fr/cgi-bin/npsa_automat.pl?page=/NPSA/npsa_gor4.html
https://alphafoldserver.com/
http://www.ncbi.nlm.nih.gov/genbank
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Figure 1. Product of the Bhl gene amplification. (1) 100 bp DNA Ladder; (2) negative control;
(3) positive control (application of 5 µL of 5 ng/µL Bhl gene); (4–6) amplification product of the
Bhl gene (approximately 900 bp) from E. coli DH5α colonies transformed with the cloning product
(pGEM-T easy + Bhl gene).

3.2. In Silico Characterization of the Lectin Associated with the Bhl Gene
3.2.1. Search for Homologous Sequences and Conserved Regions

The alignment performed by BLASTn indicated a high similarity between the Bhl gene
and nucleotide sequences that encode lectins expressed by Bauhinia species deposited in
the database (Table 2). This tool revealed identity percentages of 95.06, 92.01, 89.84, and
87.56% for lectins from B. forficata, B. ungulata, B. variegata, and B. purpurea, respectively.

Table 2. Search for identity of the nucleotide sequence of Bhl gene with other proteins in NCBI
database. Results obtained by BLASTn program.

Accession (NCBI) Description Max
Score

Total
Score

Query
Cover

E
Value

Per.
Identity

KX907616.1 Bauhinia forficata lectin 1365 1365 100% 0.0 95.06%
DQ372702.1 Bauhinia ungulata mRNA, partial cds 1079 1079 88% 0.0 92.01%

EU596376.1 Bauhinia variegata lectin I (bvl) gene, bvl-2
allele, complete cds 1114 1114 100% 0.0 89.84%

D12481.1 Bauhinia purpurea mRNA, complete cds 1000 1000 100% 0.0 87.56%

In addition, the BLASTp 2.15.0 software also showed a high identity between the
protein sequence of BhL and lectins from B. forficata (90%), B. ungulata (85.27%), B. variegata
(79.04%), and B. purpurea (78.01%). In addition to Bauhinia species, Griffonia simplicifolia
showed 69.83% identity and 83% alignment with the Bhl gene (Table 3).

Table 3. Search for identity of the amino acid sequence of BhL with other proteins in NCBI database.
Results obtained by BLASTp program.

Accession (NCBI) Description Max
Score

Total
Score

Query
Cover

E
Value

Per.
Identity

APD76156.1 Bauhinia forficata lectin 521 521 100% 0.0 90.00%
ABD19775.1 Bauhinia ungulata lectin 436 436 88% 4e−152 85.27%
ABQ45362.1 Bauhinia variegata lectin I precursor 452 452 100% 9e−158 79.04%

P16030.2 RecName: Full = Lectin; Flags: Precursor [Bauhinia
purpurea] 440 440 100% 3e−153 78.01%

P24146.3 RecName: Full = Lectin-4; AltName: Full = GS4;
AltName: Full = Lectin IV [Griffonia simplicifolia] 338 338 83% 1e−113 69.83%
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3.2.2. Global Alignment between Homologous Sequences

Lectin sequences from B. forficata, B. variegata, B. purpurea, and B. ungulata were aligned
simultaneously with the Bhl gene on the MultiAlin platform (Figure 2).
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Figure 2. Global alignment of BhL sequence with proteins that showed high homology. Results
generated by the MultiAlin platform, where red represents strong homology (above 90%), blue
represents weak homology (below 50%), and black represents very low homology or no consensus.
First line: B. holophylla_lectin; Second line: B. forficata_lectin; Third line: B. variegata_lectin; Fourth line:
B. purpurea _lectin; Fifth line: B. ungulata_lectin; Sixth line: consensus sequence. Important residues
for the active conformation of the carbohydrate recognition domain (CRD) are marked manually
with an asterisk (*) and conserved cleavage sites with a dash (_). In the consensus sequence, (!) means
that there was an exchange of Isoleucine (I) for Valine (V); ($) means that Leucine (L) was replaced
by Methionine (M); (%) means that there was an exchange of Phenylalanine (F) for Tyrosine (Y);
(#) means the exchange for one of the amino acids: Asparagine (N), Aspartate (D), Glutamine (Q),
Glutamate (E), Asparagine (B), or Glutamine (Z).

The results indicated the presence of many regions with high identity between the
sequences, with a more significant absence of consensus at the N- and C-terminal ends.
This was mainly due to the shorter length of the B. ungulata sequence, which consequently
led to a smaller number of amino acids in the final protein. Two cleavage sites for the Arg-C
proteinase were predicted in BhL, namely ALTQNLR (residues 278–284) and SSASYSSM
(residues 285–292) in the C-terminal region of the protein sequence. The aspartate residue
(Asp237), which is considered important for the formation of the metal binding site (MBS)
in legume lectins, remained conserved in all aligned Bauhinia species. Multiple sequence
alignment also showed that BhL had highly conserved catalytic residues, such as Asp121,
Gly142, Trp166, and Asn168, which constitute the CRD, and the residues Glu162, Asp164,
Trp166, Asn168, Asp173, and His 178, which make up the site bonding to metals. The
presence of these catalytic residues brings BhL functionally close to the lectins present in
species of the Caesalpinioideae subfamily.

3.2.3. Analysis of Physicochemical Properties and Characterization of Amino Acids

Physicochemical analysis confirmed the presence of 289 amino acids in BhL, estimating
a molecular weight of 31.9 kDa and a theoretical isoelectric point of 5.79. The ProtParam
program also provided a prediction of the estimated half-life of the lectin in different cell
types. In vitro, the protein had a half-life of 30 h in mammalian reticulocytes, and in vivo,
it was 20 h in yeast and 10 h in Escherichia coli.

ColorSeq software revealed the presence of 40 aromatic residues and 78 hydroxyl
residues, in addition to a very equal relationship between positive (25) and negative (24)
residues throughout the sequence of 289 amino acids present in BhL, with 88 amino acids
possessing hydrophobic residues and 130 amino acids with hydrophilic residues.
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3.2.4. Prediction of Post-Translational Modifications

The analyses revealed that BhL possibly undergoes phosphorylations and glycosyla-
tions at specific sites throughout its protein sequence (Figure 3). Analyses carried out on
the YinOYang platform predicted that serine and threonine amino acids undergo glycosyla-
tion throughout the BhL protein (Figure 3a), and the NetPhos program indicated that the
residues most likely to be phosphorylated were serine, threonine, and tyrosine (Figure 3b).
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3.2.5. Characterization of Functional Domains and the Presence of Signal Peptides

Based on predictive models, InterProScan 100.0 software recognized conserved protein
domains in BhL, which brought it closer to lectin families from other legume species,
especially Concanavalin A (ConA) (Family and Homologous Superfamily). The tool also
indicated high similarity between the Leguminosae β-chain (Domains and Representative
Domains) and the region located between amino acids 156 and 162 of BhL (Binding Site).
Finally, the prediction signaled the presence of a sequence of 28 amino acids at the N-
terminal of the lectin, with a high hydropathicity index and conceptualized as a signal
peptide (Other Features), as well as the presence of important residues for the constitution
of interaction and binding sites characteristic of lectins (Residues) (Figure 4).
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Figure 4. Search for functional domains, important sites, and families for BhL. Results obtained by
InterProScan tool.

The presence of signal peptides was confirmed using the SignalP platform, which indi-
cated a 96.44% probability of signal peptides in the N-terminal portion of BhL. The cleavage
site was identified between amino acids 28 and 29 of the protein sequence (Figure 5).
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Figure 5. Analysis in SignalP 6.0 program. Prediction of signal peptide presence in BhL, where (—)
Sec/SPIn: “standard” secretory signal peptides transported by the Sec translocon and cleaved by
Signal Peptidase I (Lep)—n-terminal region; (—) Sec/SPIh: “standard” secretory signal peptides
transported by the Sec translocon and cleaved by Signal Peptidase I (Lep)—center hydrophobic
region; (—) Sec/SPIc: “standard” secretory signal peptides transported by the Sec translocon and
cleaved by Signal Peptidase I (Lep)—c-terminal region; (---) probable cleavage site for the signal
peptide; (---) Other.

3.2.6. Prediction of Transmembrane Domains and Structural Characterization

Figure 6 shows the probability of finding intracellular, transmembrane, or extracellular
portions in BhL. Analyses carried out with DeepTMHMM 1.024 software pointed to the ab-
sence of transmembrane helices in BhL, as well as a predominantly extracellular membrane
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topology. The noise observed (in orange color) at the beginning of the plot suggests the
presence of a signal peptide in the N-terminal portion of the protein. These results, added
to the signal peptide prediction, allowed us to infer that BhL may be a protein that will be
directed to the classical intracellular transport pathway, after translocation to the lumen of
the endoplasmic reticulum.

Horticulturae 2024, 10, x FOR PEER REVIEW 11 of 19 
 

 

cleaved by Signal Peptidase I (Lep)—c-terminal region; (---) probable cleavage site for the signal 
peptide; (---) Other. 

3.2.6. Prediction of Transmembrane Domains and Structural Characterization 
Figure 6 shows the probability of finding intracellular, transmembrane, or extracel-

lular portions in BhL. Analyses carried out with DeepTMHMM 1.024 software pointed to 
the absence of transmembrane helices in BhL, as well as a predominantly extracellular 
membrane topology. The noise observed (in orange color) at the beginning of the plot 
suggests the presence of a signal peptide in the N-terminal portion of the protein. These 
results, added to the signal peptide prediction, allowed us to infer that BhL may be a pro-
tein that will be directed to the classical intracellular transport pathway, after transloca-
tion to the lumen of the endoplasmic reticulum. 

 
Figure 6. Search for the presence of transmembrane helices in BhL by DeepTMHMM toll. (—) prob-
ability to be an extracellular portion; (—) probability to be a signal peptide. 

Secondary structure prediction was performed using GOR4 software. The analysis 
indicated percentages of 10.38% for α-helices, 29.41% for β-sheets, and 60.21% for disor-
dered regions. Thus, of the 289 amino acids present in the protein, 30, 85, and 174 residues 
were related to α-helix, β-sheet, and disordered regions, respectively (Figure 7). 

 

Figure 6. Search for the presence of transmembrane helices in BhL by DeepTMHMM toll. (—)
probability to be an extracellular portion; (—) probability to be a signal peptide.

Secondary structure prediction was performed using GOR4 software. The analysis in-
dicated percentages of 10.38% for α-helices, 29.41% for β-sheets, and 60.21% for disordered
regions. Thus, of the 289 amino acids present in the protein, 30, 85, and 174 residues were
related to α-helix, β-sheet, and disordered regions, respectively (Figure 7).
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The AlphaFold3 server used advanced modeling techniques to predict the three-
dimensional structure of BhL with high accuracy. Figure 8 shows the 3D structure of the
BhL, with a predicted template modeling (pTM) score equal to 0.87.
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Distance Difference Test (lDDT) is a superposition-free score that evaluates local distance differences
of all atoms in a model, with the objective of estimating the confidence of the predicted model. Dark
blue: regions with pIDDT greater than 90 (Very high); light blue: regions with pIDDT between 70 and
90 (Confident); yellow regions with pIDDT between 50 and 70 (Low); orange: regions with pIDDT
lower than 50 (Very low). The predicted template modeling (pTM) score and the interface predicted
template modeling (ipTM) score evaluate the prediction of the structure. In green, the predicted
aligned error (PAE) plot is the estimate of the error in the relative position and orientation between
two tokens in the predicted structure.

4. Discussion

Technological advances in genetics and molecular biology associated with the use
of bioinformatics tools have allowed the sequencing of a large number of genes, as well
as the prediction of physicochemical characteristics and biological functions of several
proteins [20]. However, although legume lectins have been investigated for many decades,
information on recombinant lectins from Bauhinia species is still scarce, with few proteins of
the genus isolated, characterized, and with nucleotide sequences duly deposited in public
databases [6]. Among the more than 300 species cataloged and taxonomically classified
within the Bauhinia genus, less than 5% of them had their lectins isolated, such as lectins
from B. purpurea, B. monandra, B. pentandra, B. variegata, B. bauhinioides, B. forficata, and B.
ungulata [35–41]. For B. holophylla lectin, no studies involving the characterization at the
structural and functional level or of its possible isoforms have been found to date.

In the present study, several bioinformatics tools were used for the physicochemical,
structural, and functional characterization of a lectin isoform from B. holophylla, sequenced
from genetic material extracted from plant callus. The molecular biology techniques used
allowed the identification of a nucleotide sequence of 867 bp, whose in silico translation
resulted in a protein composed of 289 amino acids. Since there were no database records
of lectin coding sequences expressed in B. holophylla, the sequence was submitted and
deposited in the GenBank sequence repository (http://www.ncbi.nlm.nih.gov/genbank,
accessed on 15 March 2024) under accession number PP501329.

Initially, analyses carried out on the BLAST platform revealed a high identity (greater
than 85%) between BhL and lectins from B. forficata, B. variegata, B. purpurea, and B. ungulata
(Table 3), which corroborated the hypothesis that the gene family of legume lectins is
represented by a large family of homologous proteins that arose from a single common
ancestral gene [42]. Furthermore, the results suggested a considerable percentage of identity
(69.83%) between BhL and the lectin from Griffonia simplicifolia, which is also a species
of medicinal legume belonging to the Caesalpinaceae subfamily and originating from

http://www.ncbi.nlm.nih.gov/genbank
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tropical regions of Africa [43]. Studies involving the analysis of nucleotide or protein
sequences of plant lectins have indicated the presence of evolutionarily conserved regions
that may contain domains associated with the carbohydrate binding and recognition site,
which justifies the similarity found between species of different legume genera [44]. Since
the genetic code is degenerate, the percentages of identities predicted between proteins
(BLASTp) would be greater than those identified between gene sequences (BLASTn).
However, the discrepancy observed between the results presented in Tables 2 and 3 suggests
that the accessions referring to gene and protein sequences, used by the BLASTn and
BLASTp programs, respectively, in the comparative analyses, are not coincident.

The presence of many regions highlighted in red in the global alignment of protein
sequences (Figure 2) confirmed the high level of consensus between BhL and the other
Bauhinia lectins recovered from BLASTp. A more significant discrepancy was noted at the N-
and C-terminal ends containing regions with less identity. However, sequence ABD19775.1,
described in GenBank as a lectin from B. ungulata, may have a shorter amino acid sequence
or have been deposited incompletely. It is known that public databases are still under
construction, and errors in deposited sequences are to be expected given the complexity of
the entire process involved, starting with genome sequencing, data assembly, annotations,
and sequence curation [45]. Sequence alignment also indicated that BhL had two cleavage
sites for Arg-C proteinase, namely ALTQNLR (residues 278–284) and SSASYSSM (residues
285–292). These sites allow the cleavage of peptides located in the C-terminal position in
relation to the arginine residue. Pinto et al. [15], in a study carried out with B. forficata, also
indicated the presence of these cleavage sites and their importance for the processing of the
mature protein. The aspartate residue (Asp237), which was shown to be conserved in all
Bauhinia species, is also present in the mature ConA protein (Asp208). In ConA, this amino
acid acts as an important bridge for the binding of calcium ions and transition metal ions
at the MBS present in legume lectins [46]. In addition to this aspartate residue, in ConA,
studies suggest the need for an asparagine residue and an aromatic amino acid composing
what is known as a “conserved triad”, for the perfect functioning of the CRD. In lectins
from the Caesalpinioideae subfamily, the CRD showed high similarity, even in lectins with
different carbohydrate affinities. The CRD of lectins from the Caesalpinioideae subfamily
consists of residues Asp121, Gly142, Trp166, and Asn168, which were identified in BhL.
The MBS is made up of the residues Glu162, Asp164, Trp166, Asn168, Asp173, and His 178,
which are also present in BhL [3,47].

In general, the classification of plant lectin-encoding genes into families is based on
the similarity between protein sequences, the observation of evolutionary relationships,
and conserved carbohydrate recognition domains [48]. The Clustal Omega annotation tool
used to establish evolutionary relationships between BhL and other lectins from Bauhinia
species indicated a more recent common ancestry between B. forficata lectin genes and the
BhL gene. The alignment of the two sequences demonstrated that there were 28 amino acid
substitutions, of which 11 were conservative, 7 were semi-conservative, and 10 were radical.
Furthermore, there was a deletion of an amino acid in BhL at position 145 of the protein
sequence compared to the B. forficata lectin. The preservation of intact catalytic sites and
conserved amino acids in the BhL sequence, as well as in other Bauhinia lectins, underscores
the potential significance of these structural elements in facilitating the protein’s activities
and functions. This observation implies that the architecture of these sites and residues
likely plays a crucial role in maintaining the protein’s functional integrity [48,49].

Variations in the evolutionary rates of protein families involve individual, functional,
and structural factors that can facilitate or hinder the occurrence of permanent substitutions
in the nucleotide sequence [49,50]. Among these factors, the level of gene expression
is considered decisive for the accumulation of evolutionary modifications in proteins.
Therefore, families of proteins that are broad and highly expressed evolve more slowly
and, consequently, may share conserved regions throughout their sequences [51]. Plant
lectins represent a group of proteins with a cosmopolitan distribution, with an emphasis
on lectins from the legume family, which emerge as the best-described and -investigated
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group [6]. However, genes encoding plant lectins are normally constitutive and expressed
continuously under normal conditions of plant development [1,4].

Physicochemical analyses indicated that BhL had 289 amino acids, a molecular weight
of 31.9 kDa, and a pI of 5.79. Molecular weights ranging between 26 and 33 kDa have
also been observed for lectins expressed in other Bauhinia species [6]. The theoretical pI of
the BhL indicates a negative charge on the protein and an acidic nature. For comparison,
physicochemical analyses were performed for the four Bauhinia lectin protein sequences
analyzed by MSA in the ProtParam program [52]. The predictions showed that Bauhinia
lectins have very similar physicochemical characteristics (Table S1). A greater discrepancy
was noted in relation to the predicted pI, which does not compromise the soluble character
of the proteins, as indicated by the hydropathi-city index (GRAVY). However, changes in
pI can influence other parameters such as, for example, subcellular localization or interac-
tions established by proteins [53]. Complementarily, ColorSeq estimated the presence of
40 aromatic residues, 78 hydroxyl residues, 88 hydrophobic residues, and 130 hydrophilic
residues in BhL, pointing to a low hydropathicity index and hydrophilic character of the
protein. Lectins share many molecular characteristics, such as a high number of hydroxyl
residues [47]. Pinto et al. [15] showed that in Bauhinia forficata, the amino acid composition
of the BfL-II lectin presented percentages of 34.35% (90 residues) and 35.50% (93 residues)
of polar and hydrophobic amino acids, respectively. The computational tools YinOYang
and NetPhos indicated that BhL possibly underwent post-translational processing events.
Plant lectins are generally synthesized as a precursor protein that, after cleavage of a signal
peptide located in the N-terminal position, undergoes post-translational modifications to
become a mature lectin [9,54]. Studies have revealed that this processing may involve
proteolytic cleavage of the precursor chain, glycosylations, cuts in the C-terminal region,
the removal of the covalent carbohydrate, and ligation between the C- and N-terminal
ends [15,42,44,46]. Cagliari [6] reported that lectins from B. forficata, B. monandra, B. purpurea,
B. ungulata, and B. variegata are glycoproteins, which undergo pro-glycosylation processes.
In this way, such analyses make important predictions about mature proteins, which is
extremely useful for designing future experiments and in vitro tests.

The prediction of conserved domains and potential functions revealed that BhL had
domains representative of the legume lectin family, which reinforces the results found in
BLASTp. The program also indicated the relationships of BhL with domains of the ConA-
like protein superfamily (InterPro: IPR013320), which represents a widely studied plant
hemagglutinin found in Canavalia ensiformis [6,55]. According to Van Holle et al. [48], the
protein domains of lectins are evolutionarily well preserved among structurally conserved
taxa and, often, functionally independent of the rest of the protein. These domains evolved
from shorter structural units, such as repeats, or from the association of small folding
motifs. The presence of a metal ion binding site (Ca2+ and Mn2+) and a signal peptide at
the N-terminal end of the BhL were also estimated. Many legume lectins are classified as
metalloproteins and have binding sites in their structure for calcium and manganese ions
(or other transition metals), essential for the performance of their biological activities [3].
Although metal ions do not directly bind to carbohydrates, their presence is crucial for lectin
to achieve its quaternary structure and functional conformation [55]. In ConA, manganese
first binds to the S1 site of the protein, which leads to the formation of a second site for
calcium ion binding (S2 site). Only when both S1 and S2 sites are occupied does the ConA
lectin assume a conformation that allows it to recognize carbohydrates [54,56]. Thus, the
results allow us to infer not only the shared evolutionary origins but also that the molecular
function of BhL is possibly associated with carbohydrate recognition activity. The presence
of signal peptides was also predicted by the SignalP 6.0 software, indicating a cleavage
site between amino acids 28 and 29 of the BhL sequence. Signal peptides correspond to
short amino acid sequences (16–30 residues), generally located in the N-terminal portion
of the protein. For secretory and membrane proteins, these signal sequences mediate the
targeting of the nascent polypeptide chain to the endoplasmic reticulum, where protein
elongation proceeds [57]. Legume lectins are commonly synthesized with a signal sequence
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at the N-terminal end, which is responsible for guiding them to the secretory pathway [48].
In B. forficata, in silico studies pointed to the presence of a signal peptide formed by the
first 28 amino acids of the protein sequence, resulting in a mature protein of 262 amino
acids [15]. The absence of transmembrane loops and the soluble nature of BhL, combined
with the presence of a signal peptide, indicated that BhL is secreted by the plant. A study
of the biosynthesis of several legume lectins demonstrates that after their synthesis in the
endoplasmic reticulum, they are directed to the secretory pathway [1].

A crystallographic study demonstrated that the secondary and three-dimensional
structures of legume lectins are very similar to each other and are characterized by a low
level of α-helix arrangements compared to β-sheets [15]. According to Silva [40], the
secondary structure of B. ungulata lectin presents 4% α-helix and 27% β-sheets compared
to 10% α-helices and 29% β-sheets observed for BhL. In B. forficata, spectrophotometric
analyses indicate the presence of 19% α-helices and 27% β-sheets [39]. A protein structure
characterized by fewer α-helices and more β-sheets may exhibit increased stability due to
the extensive hydrogen bonding in β-sheets, but it could also be more prone to aggregation
and amyloid formation, potentially affecting its folding dynamics and making it more
vulnerable to denaturation under certain conditions [58–60]. The prevalence of β-sheets
in the secondary structure of legume lectins, such as those found in Bauhinia holophylla,
not only contributes to their stability and resistance to proteolysis, as highlighted by Per-
czel et al. [59] but also plays a pivotal role in defining their functional architecture. This
structural motif, known as the “jelly roll fold” observed in legume lectins like Concanavalin
A and inferred in Bauhinia forficata lectins (BfL-I and BfL-II) by Pinto et al. [15], facilitates
carbohydrate binding by providing a suitable conformation for the sugar-binding pocket.
This conserved β-sandwich structure, characterized by antiparallel β-sheets and hydropho-
bic cores, underscores the significance of β-sheet predominance in dictating legume lectins’
function and substrate interactions within the cell [61]. Regarding the three-dimensional
structure of BhL, AlphaFold predicted a 3D structure with reliable metrics, proposing a
useful model for further in-depth studies on the biological function and biotechnological
potential of BhL [62].

In today’s rapidly advancing era of sequencing techniques and the explosion of
genomic data, developing computational solid methods for predicting protein structures is
crucial. This is important for effective functional annotation because obtaining experimental
structural data, especially for lesser-studied proteins, is challenging. Therefore, relying on
initial in silico analyses is becoming increasingly crucial [63,64]. Consequently, alongside
the evolution of prediction methodologies, there is a parallel need for tools to validate the
accuracy of these computational models. This validation process is instrumental in refining
protein structures, as recent research underscores it as a significant bottleneck affecting
both the quality and confidence levels of predicted protein structures [64].

Looking ahead, the predictions outlined in our manuscript will be further validated
through molecular modeling of the BhL lectin. This forthcoming analysis aims to elucidate
the intricate interactions between the amino acids within the catalytic sites and the specific
substrate to which the CRD binds.

5. Conclusions

In this study, a lectin isoform from B. holophylla was sequenced and characterized
using bioinformatics tools. The in silico analyses allowed for obtaining important infor-
mation regarding its physicochemical characteristics, secondary and tertiary structures,
and biosynthesis. Furthermore, computational biology tools allowed us to infer that the
biological function of this isoform is related to the recognition of carbohydrates. The in
silico characterization of new legume lectins can provide valuable data about this large
family of homologous proteins and represents an important step towards planning future
steps for the synthesis of recombinant proteins and assessment of their biological activities.
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