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Abstract

Nodules cystine-rich (NCR) peptides from legume nodules mediate bacteroid
differentiation of Rhizobium sp. This study aimed to characterize NCR peptides of
Phaseolus vulgaris, Trifolium repens, Medicago sativa, and Vicia faba, as relevant
information on these legumes is still lacking. After exposing the root nodules of
four leguminous plants to sonication, the peptides were separated according to their
molecular weight by sodium dodecyl gel electrophoresis (SDS-PAGE). The NCR
peptide was detected by high-performance liquid chromatography (HPLC),
followed by the determination of the protein sequence and amino acid composition
and their evolutionary history in terms of the phylogenetic tree by bioinformatics
analysis. The results showed these four peptides had the same molecular weight of
60 kDa. The peaks of the curve varied with retention time depending on the legume
from which the peptide was extracted. Bioinformatic analysis of the results showed
that the amino acid substitutions varied in number and sequence for each species
and that these peptides had three distinct wire, ribbon, and surface patterns within
the structural modeling of their crystals. Side chains of amino acids in the loops and
helices within the grid box may facilitate hydrophobic interactions via tyrosine,
phenylalanine, or polar interaction sites via cysteine, histidine, and glutamine.
These loops often serve as flexible regions to adapt to binding partners. In general,
this study contributed to the characterization of NCR peptides that showed
mismatches and differences in amino acid sequences and deletions of some amino
acids at different locations depending on the type of legume from which the peptide
was extracted.
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1. Introduction

Leguminous plants generate their root nodules through symbiosis with rhizobia. This soil-
dwelling bacterium fixes nitrogen gas directly from atmospheric nitrogen and reduces it to
ammonia as a food source. Inside the cells of the nodule, a symbiotic membrane formed from
plants envelops the rhizobia, which separate into the nitrogen-fixing shape named as
bacteroid, mediated by nodule cysteine-rich peptides (NCR) [1]. Medicago truncatula is an
inverted repeat-lacking clade (IRLC) legume and its specialized symbiotic collaborator is
Sinorhizobium meliloti [2]. Compared to other IRLC legumes, including those belonging to
the genera of Medicago, Vicia, Trifolium, Pisum, etc., and Aeschynomene species, the
nodules of this bean have a greater variety of NCR peptides including NCR169 and NCR211,
which are essential for a successful symbiotic relationship [3], [4], [S]. Four or six cysteine
residues are present in conserved places in NCR peptides. Their constituent amino acids are
linked by disulfide linkages [6]. Only two NCR peptides have been studied structurally, and
NCRO44 is the only one with a three-dimensional structure. The disulfide linkages in
NCRO044 were located at C1 - C4 and C2 - C3, and in NCR247 at C1 - C2 and C3 - C421
(22). A key factor in bacterial differentiation is NCR169, a cationic peptide consisting of 38
amino acid residues including four cysteine amino acid residues and disulfide linkages [7].A
recent study by Zorin et al., investigated the gene family that codes for peptides rich in
cysteines of root nodules in pea (Pisum sativum L.) and noted that cysteine-rich peptides have
been extensively studied in the model legume Medicago truncatula, but relevant information
is still fragmented in many other legumes [8].

As traditional extraction techniques lost their optimum performance, practitioners
developed various methods to extract substances from different plant sources, and
developments in the extraction process led to ultrasonic technology [9]. One of the main
advantages of this technique is its low production costs and energy consumption, as well as
its flexibility compared to other techniques [10]. Ultrasound-assisted extraction is one of the
most promising techniques for extracting bioactive plant components. Because of its
excellent performance with reduced solvent and time consumption, as well as its applicability
to heat-sensitive chemicals, it is recognized as a green extraction approach [11]. The
mechanism of ultrasound-assisted extraction (UAE) It involves applying the mechanical
energy produced by ultrasonography to samples. As a result, the liquid develops tiny bubbles
or cavities that explode into the solid sample, producing localized high pressures and
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temperatures, resulting in the disruption of cell membranes and extraction of intracellular
materials [12, 13].

S. Chuai, "Study on the mechanism of ultrasonic cavitation effect on the surface properties
enhancement of TC17 titanium alloy", Ultrasonics Sonochemistry, vol.108, pp.106957,
2024.

The most commonly used technique for high-resolution analytical separation of protein
mixtures is sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE)
according to size, structure, and molecular weight [14]. The procedure comprises first
denaturing the proteins with an anionic detergent, which attaches to them and gives each one
a negative charge according to its molecular mass, and followed by electrophoresis, the most
commonly used technology for high-resolution analytical separation of protein mixtures is
SDS-PAGE [15]. Thus, the assessment of the purity of protein samples, the evaluation of
protein expression, and the quantification of proteins are methods that use SDS-PAGE [16,
17].

High-performance liquid chromatography (HPLC) has become the primary method for
analyzing, purifying, and characterizing various starting peptides and proteins. It has
contributed significantly to the recent progress of the biotechnological sciences [18, 19].This
analytical technique has also been widely used to separate, identify and quantify compounds
present in any sample; therefore, it has been widely used for quantitative and qualitative
analysis of separated materials to determine their stability as a pharmaceutical product [20].
The sample is separated according to its molecular size by passing through a column that is
filled with a substance whose pore size can be precisely controlled [21]. Recently, twelve free
amino acids and nineteen bound amino acids, including L-glutamic acid and aspartic acid,
were found by HPLC separation in the leaves of plants of the genus [22].

Bioinformatics has been defined as the application of computational techniques
(informatics) to the analysis of biological data [23]More recently, it has been defined as one
of the scientific disciplines related to genetics and genomics, which involves the use of
computer technology to analyze biological data related to the sequences of DNA and amino
acids and to provide a comprehensive interpretation of these sequences [24].

The growth of bioinformatics is a global project, as computer networks have made
biological databases available to all researchers and allowed those interested in the field to
develop software, databases and information for analysis quickly and easily [25], [18].
Bioinformatics uses computer programs for a variety of applications and analyses,
particularly those related to determining the functions of genes and proteins and establishing
evolutionary relationships between organisms [26].

The aim of this research was to characterize the amino acid sequences of cysteine-rich
peptides, known as NCRs, extracted from the root nodules of four leguminous plants using
several biological techniques, starting with sonication, followed by extraction of the peptide
material by SDS-PAGE, detection by HPLC and the sequencing in the PDB files containing
3D structures data of four peptides were taken from different bioinformatics websites.

2. Material and Methods
2.1 Collecting root nodule samples

Four types of root nodules from four leguminous plants (Phaseolus vulgaris, Trifolium
repens, Medicago sativa, and Vicia faba ) were collected from local farms in the city of
Mosul. According to Al-Barhawee and Ahmed [27], the nodules were washed with running
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water to remove dirt, sterilized with 1% sodium hypochlorite solution, and washed several
times with sterile distilled water to remove the effects of the sterilizer. They were dried on
sterile filter paper for use in the sonication process for protein extraction.

Sonication process:

When preparing protein extracts, the cell is disrupted by sonication, where a titanium
probe completely lyses the cells and extracts all DNA, RNA and protein contents from the
cells.

Preparation of the sample Pre-sonication:
Sample preparation was sonicated as follows:

The nodules sample was washed with ice-cold phosphate-buffered saline (PBS), and the
suspended nodules sample was placed in ice-cold PBS.
Protein extraction using the sonication procedure:

Samples were sonicated as follows: The sonicator probe was set to a frequency of 40 kHz
and the nodule sample was placed in a 1.5 ml Eppendorf tube and suspended in 30-100 pl of
RIPA buffer (50 mm Tris-HCI pH 7.4, 50 mm NaCl, 2 mm EDTA, 1% SDS, plus recently
added the Phosphatase Inhibitor Cocktail (100X) is a proprietary mix of sodium
fluoride, sodium pyrophosphate,B-glycerophosphate, and sodium orthovanadate).The
microcentrifuge tube is then gently moved under the tip of the sonicator probe, causing the
buffer to vibrate for 2-10 seconds and the cells may be sonicated 5 times, depending on the
samples and sample viscosity. The cells were then incubated for 5 minutes on ice. Centrifuge
at 10,000g for 20 minutes. The debris may contain undegraded cells, nuclei or organelles; the
supernatants were collected and stored at -20 °C.

2.2Protein Purification:

The supernatant from the centrifugation was applied to a Sephadex G-25 gel filtration
column and eluted with 5 mM Tris-Cl pH 8.0 and then applied to a Macro-Prep DEAE anion
exchange column (Bio-Rad) for further separation. The column was eluted with 5 mM Tris-
Cl pH 8.0 using a 50 mM NaCl gradient from 0-500 mM NaCl. Selected fractions were
concentrated by centrifugation at 12,000 x g for 20 minutes at 4 °C. Salts were removed from
the samples by repeating the concentration three times, each time washing the protein sample
with fresh 5 mM Tris-Cl pH 8.0.

Protein gel extraction protocol:

The process involves localizing the protein of interest. Peptides can be separated
according to their molecular weight using the SDS-PAGE (Sodium Dodecyl Sulphate-
Polyacrylamide Gel Electrophoresis) technology, removing the protein from the gel for
subsequent experiments [28].

The detergent SDS is a component of the SDS-PAGE sample buffer. Peptide disulfide bonds
are broken by SDS, which disrupts peptides' tertiary structure.

Prepare the gel:

All reagents except tetramethyl ethylene diamine (TEMED) are combined during gel
preparation. When the gel is ready to be poured, TEMED is added with ammonium sulfate
to act as a reaction catalyst. The gel is poured into the molding chamber in two layers: the
resolving layer (bottom layer with 16% acrylamide and a high pH of about 8.8), a plastic
comb is placed over the gel of this layer followed by the addition of the stacking gel solution,
(top layer with a low acrylamide content of 5% and a pH of about 6.8), to separate the entire
range from about 10 to 250 KDa. Note that each layer has different functions from the
functions of the other layer. After removing the comb, 1 cm deep wells are formed into which
protein samples are loaded.

Sample preparation:
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50 pl 2-mercaptoethanol, 950 pl Laemmli loading buffer (106 mM Tris HCI, 141 mM Tris
base, 0.51 mM EDTA, 0.22 mM SERVA Blue G-250, 0.175 mM phenol red, 2% LDS and
10% glycerol, at pH 8.5) from InvitrogenTM, at a final concentration of 355 mM, were added
to the protein sample in a beaker, this mixture was transferred to microcentrifuge tubes and
boiled at 95 degrees Celsius for less than five minutes to completely denature the proteins,
then centrifuged at 16000 xg for five minutes and run against the protein marker by gel
electrophoresis.

Electrophoresis:

In order to perform electrophoresis, take the gel cassette out of the casting stand and put it
in the electrode assembly. Next, attach the electrode assembly to the clamp stand and pour
one x electrophoresis buffer into it. (50 mM MOPS, 50 mM Tris Base, | mM EDTA, and
0.1% SDS, at pH 7.7) from Invitrogen™ (trademark of Thermo Fisher Scientific Company),
30 milliliters of the denatured material should be pipetted into the wells of the gel to fill the
aperture in the casting frame, in addition to filling the first well on the left with Protein
Ladder 5-245 kDa (SMART SCIENCE CO., LTD), which was used as a standard for
molecular weight. Cover the vessel with the lid and connect the unit to the power source, the
voltage used and the run time of protein sample will vary depending on the percentage of
resolving gel and stacking gel used and will not normally exceed 200V for 35 minutes and
100V for 40 minutes respectively. Place the gel in a plastic tray with Gel Fix solution. Place
the tray on a rocking chair and leave for two hours. Add the Coomassie Blue protein staining
solution and leave on the rocker for two to four hours. Wash the gel several times with
distilled water, then add the destaining solution to the gel. Coomassie-stained protein gels can
be imaged on the Odyssey imagers using NIR fluorescence.

2.3 Extraction of microproteins

After electrophoresis and staining with Coomassie blue dye, separation was carried out
using a Protein Extraction Kit produced by Solarbio Life Sciences company, consisting of the
following materials: 10 ml Buffer A, 60 ml Buffer B, 9.6 g dry powder, 40 mg DTT, filter
column, combination tube.

2.4 Detection of NCR peptide by high-performance liquid chromatography (HPLC):

NCR peptide was detected by injecting 20 ul of the extracted protein into a high-
performance liquid chromatograph (HPLC) using a C18 column and a mobile phase with
methanol and water in a ratio of 80:20, respectively, at a flow rate of 1 ml/min at a
wavelength of 365 nm [29].

2.5 Bioinformatic analysis

Construction of a Phylogenetic Tree with MEGA-X: MEGA-X (Molecular Evolutionary
Genetic Analysis), employed by Kumar ef al., [30], was used to obtain sequences of the
cysteine-rich peptides under study, and reliable databases such as UniProt were consulted and
curated using FASTA software. Once the alignment work was complete, the "maximum
likelihood" method of tree construction was chosen; this is suitable for making good
estimates of evolutionary relationships. MEGA-X tools were then used to adjust the width of
the tree to variable branch styles, collapse branches, add bootstrap values, etc., and then
saved in the original MEGA format.

2.6 Bioinformatics to analyse the results

The PDB file was used to determine the atomic and morphological structure of the NCR
peptides extracted from legume root nodules using the Pymol analysis program algorithms.
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Far-ultraviolet light at 170-250 nm was used to determine the protein secondary structure
content of alpha helices, beta sheets and loops.

3. Results and Discussion

Following NCR peptide electrophoresis of samples taken from the root nodules of four
distinct leguminous plants (7rifolium repens, Phaseolus vulgaris, Medicago sativa, and Vicia
faba) on polyacrylamide gel, the protein bands appeared on the gel. It was found that their
molecular weight was equal and reached (60) KD as measured by the 245 kilodalton
molecular weight marker, as shown in Figure 1.
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Figure 1: NCR protein bands in polyacrylamide gels electrophoresis.

M:Molecular weight marker.

A high-performance liquid chromatograph was used to separate and determine the
concentration of each of the four peptides, and it was found that the highest peak of the curve
was at retention times of 2.171, 2.121, 2.188, and 2.099 min in the non-infinitesimal stock of
the peptides of Phaseolus vulgaris, Trifolium repens, Medicago sativa, and Vicia faba
(Figure 5a-d), while the concentrations reached the following values: 50.218, 120.47, 80.2,
and 120.613 mg/ml, respectively. Isozumi reported that the legume Medicago truncatula,
which contains more than 600 cysteine-rich peptides, peaked at 17 and 19 minutes in a flow
rate of 0.5 ml/min when analyzed by HPLC for two types of NCR 169 and at low
concentration [6].
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Figure 2: NCR peptide analysis using high-performance liquid chromatography (HPLC).
A-Phaseolus vulgaris, B- Trifolium repens, C- Medicago sativa, and, D- Vicia faba .

Sequence alignments were determined to highlight the similarities and differences
between NCR proteins. Each colored block represents an amino acid; different colors for
other amino acid residues according to an unspecified color coding system in the same image.
Residues that are identical or highly conserved across species are placed in bins consistently
throughout the alignment process. Such an alignment will be used to compare the sequence
similarity and evolutionary relationships of NCR proteins between the four species studied,
providing information on their functional roles and adaptations (Figure 3).

The alignment patterns obtained during bioinformatics analysis of Rhizobium cremeum
sequences revealed distinct conserved regions across the studied isolates, particularly in
motifs crucial for binding and interaction. Variations observed in non-conserved regions
suggest potential functional differentiation. For instance, residues involved in hydrophobic
interactions, such as tyrosine and phenylalanine, were predominantly located in loop regions,
facilitating protein flexibility. These observations align with previously reported findings in
similar proteins but also highlight unique features specific to Rhizobium cremeum.

This study shows the primary protein structure of the four NCR samples, defined as a
series of amino acids linked linearly by peptide bonds [31]. They all begin at the N-terminus
with the amino acid methionine, which has long been considered essential for the initiation of
protein synthesis [32]. This amino acid has also been observed at the beginning of NCR
peptide formation in both P. sativum and M. truncatula root nodules [8].Colour coding is a
common convention used in many related studies, such as the sequencing of cysteine-rich
peptides from Aeschynomene spp. [3]. Gaps, expressed as (-) in this figure, represent
positions deleted from the sequence to improve the overall alignment between the sequences
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[33]. Their differences in the type of amino acids they are composed of are probably due to
differences in the genes responsible for encoding them, as pointed out by Zorin et al., [8].
when explaining why the amino acid sequences of NCR peptides from alfalfa and pea plants
differ. On the other hand, the paucity of studies characterising the NCR peptides of the
legumes used in this study is probably due to the high interest in the NCR peptides of
Medicago truncatula and the use of its results as a standard model for comparison, leaving
the relevant information in many other legume species fragmented and incomplete. The
native form of NCR peptides in legumes remains unknown because the amount found in roots
is too small to be purified for analysis [6].
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Figure 3:A multiple sequence alignment of four legume Nodules Cystine Rich (NCR)
proteins of Medicago sativa, Vicia faba, Trifolium repens, and Phaseolus vulgaris.

As for the amino acid composition, both hydrophilic and hydrophobic, of the four peptides
studied, it was observed that they are arranged in a line-by-line format with the amino acid
names of each NCR type. The values in the columns represent the relative abundance of each
amino acid present in these peptides. Within the columns, the “total” lines indicate the
cumulative frequency of each species; the top row lines indicate the average frequency across
the four species for each amino acid. In addition, the number of hydrophilic and hydrophobic
amino acids was evenly distributed, as shown in Figure 4. A recent study by Alhhazmi
confirmed that the proportion of hydrophobic amino acids did not exceed 50% in the
NCR888 and NCR992 peptides from the legume Medicago truncatula [34]. The amino acid
sequences of cysteine-rich peptides from Aeschynomene spp. were identical to the NCR
peptides from Medicago spp. [3], but not to their sequences in the four peptides in this study.
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Figure 4:Amino acid composition for Nodules Cystine Rich (NCR) proteins from four
leguminous plants: Medicago sativa, Vicia faba, Trifolium repens, and Phaseolus vulgaris.
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The phylogenetic tree (Figure 5) describes the evolutionary history of various legumes
with respect to their nodules and their cystine-rich content. It provides information on the
following relationships; Medicago sativa nodules cystine rich and Trifolium repens nodules
cystine rich are related as their common branch is supported by a bootstrap value of 61.
These two are more distantly related to Vicia faba Nodules Cystine Rich, which is linked by a
branch with a bootstrap value of 71. Finally, Phaseolus vulgaris Nodules Cystine Rich is the
most distantly related of these four and branches separately. According to the results of
evolutionary relationships, this difference can be attributed to the fact that plants have
different tolerances when exposed to different selective pressures [31]. While the results of
the study of nodule-specific evolutionary relationships in some legume species for cysteine-
rich peptides (NCR) are arranged from closest to farthest in the following sequence: Galega
orientalis, Cicer arietinum, and Ononis spinosa, followed by Medicago, Trifolium, Pisum,
and Vicia [35].The results of amino acid sequencing of cysteine-rich peptides by alignment
and phylogenetic analysis of the genes encoding NCR343, NCR341, NCR345 and NCR344
peptides in Medicago truncatula confirmed that sequence analysis of the NCR peptide is
critical for its relationship to the differentiation of Rhizobium to Bacteroides and the
successful fixation of atmospheric nitrogen to ammonia [36].

Medicago sativa Nodules Cystine Rich

61

6 Trifolium repens Modules Cystine Rich

71

Vicia faba Nodules Cystine Rich

Phaseolus vulgaris Modules Cystine Rich

Figure 5: The phylogenetic tree shows the evolutionary history of nodules cysteine-rich
(NCR) proteins in four different legume species.

The number of amino acid substitutions for each site between sequences is shown in Table
(1). Analyzes were performed using the Poisson correction model noted by Zuckerkandl and
Pauling [37]. This analysis included 4 amino acid sequences specific for each plant species,
and for each pair of sequences all unclear place was eliminated using the pairwise deletion
method. The final dataset includes 343 locations in total. Phylogenetic analyzes were
performed using MEGA X software, described by Kumar et al., [30].

Table 1: Estimates of evolutionary divergence between the amino acid sequences of
cysteine-rich nodules.

Medicago sativa
Vicia faba 1.32
Trifolium repens 1.71 1.88
Phaseolus vulgaris 2.16 2.21 2.69
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Crystallization and structural modeling of cystine-rich nodule proteins extracted from root
nodules of the legume Medicago sativa, Trifolium repens, Phaseolus vulgaris and Vicia faba,
are analysed using bioinformatics tools and described in Figure 6.

The top image is of the NCR protein in a wireframe diagram (Figure 6, A), which shows
the bonding between atoms, allowing the protein backbone to be seen and the position of the
amino acids in 3D space to be determined. This diagram explains how the network of cross-
links between amino acids forms the structure of a protein. It also provides insight into the
complex network of bonds that determine the shape and molecular structure of this protein.

The second image shows the NCR protein in a ribbon diagram (Figure 6, B). This diagram
shows the secondary structures of this protein, which are alpha-helices (coil-like parts) and
beta-sheets (arrow-like parts). It provides a clear view of the folding pattern and structural
elements of the protein that may be of functional importance.

The third, fourth and fifth images show the NCR protein in surface diagrams from three
different directions (Figure 6, C). This diagram shows the 3D shape of the protein and the
regions involved in molecular interaction. Green, red and blue generally represent carbon,
oxygen and nitrogen atoms respectively. These color schemes are very useful for visualising
the location of polar and non-polar regions, especially hydrophobic and hydrophilic regions
on the protein surface. This is particularly important for the functional and interaction
properties of a given protein. The three-dimensional structural modeling showed a
combination of alpha-helices, beta-sheets, and flexible loop regions, indicative of a robust
and adaptable structure. The surface diagram demonstrated distinct polar and hydrophobic
regions, correlating with the protein's interaction capabilities. The binding interface, as
revealed by the grid box positioning, emphasized residues critical for molecular recognition
and stability. These findings provide insights into the structural mechanics of Rhizobium
cremeum and its potential functional roles in symbiotic and environmental contexts.

In this context, bioinformatics computer programs have been used for a wide range of
applications and analyses, especially regarding many gene and protein sequences, for use in
revealing evolutionary relationships that have occurred over the years, facilitating their study,
and predicting the three-dimensional shapes of cellular proteins with different functions [38].
A recent study [39], demonstrated the success of developing a new alignment that integrates
seamlessly with protein bank data, allowing researchers in the field to align multiple protein
sequences and compare them to a reference structure by providing specific alignment
algorithms while designing them in 3D. On the other hand, these structures are an excellent
means of understanding evolutionary relationships between and among proteins [40]. The
folding phenomenon protects the NCR from degradation, and the disulfide bond leads to
stabilization of the NCR peptides during
symbiosis [41].
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Medicago sativa Trifolium repens Phaseolus vulgaris Vicia faba
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Figure 6: Crystallization and structural modeling of NCR proteins of Medicago sativa,
Phaseolus vulgaris, Trifolium repens, and Vicia faba.
A: Wireframe diagram , B: Ribbon diagram, C: Surface diagram (Three Images)

As shown in Figure 7, within the interaction region, the middle part of the grid box
probably represents the binding interface through which protein-protein interactions occur,
and the structural arrangement here seems to provide a combination of surface accessibility
through loops and helixes with stability through beta sheets, an emerging mechanism of such
non-covalent peptide-surface interaction involves the addition of a beta-strand in the ligand to
a beta sheet in the receptor [42]. Because the non-contributing forces that stabilize protein
structures are not fully understood, one way to address this problem is to study the
interactions between unfolded states and a-helices in peptides [43].

On the one hand, the amino acid side chains in the rings and helices within the grid box
are likely to be hot spots that can facilitate hydrophobic interactions via tyrosine and
phenylalanine, or polar interaction sites via cysteine, histidine, and glutamine, and these same
amino acids have been observed in several types of NCR peptides from the legume Medicago
truncatula [44].These loops often serve as flexible regions to adapt to binding partners.
Therefore, interactions involving one or more amino acid side chains near the ends of protein
helices stabilize the helical ends and shape the geometry of the adjacent loops, contributing
significantly to the overall protein structure [45].The grid box indicates the active binding
region for computational docking or interaction studies. Residues within this region are prime
candidates for analysis in protein-protein docking, ligand binding, or catalytic activity [46].
Secondary structure results showed that two structures of the NCR169 peptides from the
legume Medicago truncatula have a consensus C-terminal B-sheet attached to an extended N-
terminal region with dissimilar features; one moves widely, whereas the other is relatively
stapled [6].

Furthermore, structure comparison searches revealed that the structure of the four NCR
peptides in this study did not fully match some of the structures reported in the PDB file,
possibly due to the structural difference in the disulfide bonds connecting the loop to the B-
sheet [47]. In this regard, Isozumi et al, [6] indicated that NCR169-0x1 and NCR169-0x2
have a novel structure as they do not match any structure in the PDB, and they also differ in
the position of the N-terminal region; in NCR169-o0x1, the position of the extended N-
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terminal region is non-specific, whereas the position of NCR169-0x2 is relatively stabilized
by disulfide bonds and covers one side of the B-sheet.

A B C D

Figure 7: The grid box position wraps around most secondary structure elements, including
alpha helices, beta sheets, and loops connecting these regions of the NCR in (A) Medicago
sativa, (B) Phaseolus vulgaris, (C) Trifolium repens, and (D) Vicia faba.

4. Conclusions

Ultrasonic extraction at around 40 kHz is effective in extracting peptides from legume
nodules. In addition to the success and accuracy of the SDS-PAGE tools in separating the
peptides, as well as being a simple and inexpensive method, all the techniques used revealed
significant differences between the four species in all their properties studied. In addition,
their structures do not fully match the data in the PDB file, raising the possibility that these
are new peptides discovered for the first time in bioinformatics programs.This demonstrates
the speed and accuracy of the interpretation of complex scientific results and the importance
of the convergence of biology and technology under the concept of bioinformatics. On the
other hand, the fact that the plants used in this study belong to the same family (Fabaceac)
does not mean that their NCR peptides are identical in terms of amino acid sequence or
primary and secondary structure. Finally, the goal of identifying and characterizing NCR
peptides was fully achieved in this study.
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