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Abbreviations 

GlcNAc –N-acetylglucosamine  

AMP – Antimicrobial peptide 

Ac-AMP – Amaranthus caudatus-AMP 

CRP – Cysteine-rich peptide 

aSG – altides G1-G3 from Alternanthera sessilis (green)  

aSR – altides R1-R3 from Alternanthera sessilis (red) 

D2O - Deuterium oxide 

EDTA- Ethylenediaminetetracetic acid 

ER - Endoplasmic reticulum 

HPLC - High-performance liquid chromatography  

KD – Dissociation constant 

MALDI-TOF MS – Matrix-assisted laser desorption/ionization-time of flight mass 

spectrometry 

NOESY - Nuclear overhauser effect spectroscopy  

RACE - Rapid amplification of cDNA ends 

RP – Reversed-phase 

SCX – Strong cation exchange  

COSY - Correlation spectroscopy  

UPLC - Ultra-performance liquid chromatography 

PCR – Polymerase chain reaction 
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Abstract 

Hevein-like peptides are a family of cysteine-rich peptides (CRPs) and play a defensive 

role in plants against insects and fungal pathogens. In this study, we report the isolation 

and characterization of six hevein-like peptides, aSG1-G3 and aSR1-R3, collectively 

named altides from green and red varieties of Alternanthera sessilis, a perennial herb 

belonging to the Amaranthaceae family. Proteomic analysis of altides revealed they 

contain six cysteines (6C), seven glycines, four prolines, and a conserved chitin-binding 

domain (SXYGY/SXFGY). Thus far, only four 6C-hevein-like peptides have been 

isolated and characterized; hence, our study expands the existing library of these 

peptides. Nuclear magnetic resonance (NMR) study of altides showed its three disulfide 

bonds were arranged in a cystine knot motif. As a consequence of this disulfide 

arrangement, they are stable against thermal and enzymatic degradation. Gene cloning 

studies revealed altides contain a three-domain precursor with an endoplasmic reticulum 

signal peptide followed by a mature CRP domain and a short C-terminal tail. This 

indicates that the biosynthesis of altides is through the secretory pathway. 
1
H-NMR 

titration experiments showed that the 29-30 amino-acid-long altides bind to chitin 

oligomers with dissociation constants in the micromolar range. Aromatic residues in the 

chitin-binding domain of altides were involved in the binding interaction. To our 

knowledge, aSR1 is the smallest hevein-like peptide with dissociation constant towards 

chitotriose comparable to hevein and other hevein-like peptides. Together, our study 

expands the existing library of 6C-hevein-like peptides and provides insights into their 

structure, biosynthesis, and interaction with chitin oligosaccharides. 
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Plants are constantly under attack by microorganisms and pests. Although their immune 

system is not as complex as animals, they have evolved a multilayered immune system to 

resist pathogens (1). In plants, the interaction between defense peptides and the chitin-

containing cell wall of fungi and exoskeleton of insects is an important mechanism for 

fending off pathogenic attacks. Defense peptides that bind chitin, a polysaccharide-

containing repeating β-(1-4)-linked N-acetylglucosamine (GlcNAc) units, are cysteine-

rich peptides (CRPs) belonging to the hevein family. Archer et al. isolated hevein, the 

prototypic member of this family, from the latex of the rubber tree Hevea brasiliensis in 

1960 (2). Hevein was found to have potent antifungal activity in vitro (2-4) and 

reportedly the major component in latex responsible for human latex-fruit allergy 

syndrome (4, 5). Since then, a number of hevein-like peptides, such as pseudohevein, 

Urtica dioica agglutinin, and Amaranthus caudatus-AMPs (Ac-AMPs) have been 

isolated (6-8). These 29-43-amino-acid peptides contain a chitin-binding motif (9), also 

called the hevein domain (10), consisting of conserved glycine, cysteine, and aromatic 

residues stabilized by three to five disulfide bonds.   

Hevein-like peptides can be classified into three groups based on the number of cysteine 

residues, namely 6C-, 8C-, and 10C-hevein-like peptides. Among them, 6C-hevein-like 

peptides have attracted attention as they are the smallest hevein-like peptides capable of 

binding to chitin and eliciting antifungal activity. Examples of 6C-hevein-like peptides 

include Ac-AMP1 and Ac-AMP2, AMP isolated from Amaranthus retroflexus (Ar-AMP), 

and IWF-4 isolated from Beta vulgaris, all belonging to the Amaranthaceae family (11-

13). These 6C-hevein-like peptides are 29-30 amino acids long and reported to have 

antifungal activity against a myriad of chitin-containing fungi (11, 12). Sequence 

comparison with hevein shows that 6C-hevein-like peptides contain a C-terminal deletion 

comprised of about 10 residues that includes the fourth disulfide bond. The three disulfide 
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bonds in 6C-hevein-like peptides exhibit a cystine knot arrangement (13) which confers 

improved stability against thermal and enzymatic degradation. Insight into the binding 

interactions of these minimum hevein domains with chitin may shed light on the 

molecular basis of their antifungal activity. The small size and high stability of 6C-hevein-

like peptides make them interesting models for chitin binding studies.  

In an effort to isolate more 6C-hevein-like peptides, we screened both red and green 

varieties of Alternanthera sessilis, a perennial herb belonging to the Amaranthaceae 

family (Fig. 1). Six novel CRPs, hereafter named altides G1-G3 or aSG1-G3 from A. 

sessilis (green) and altides R1-R3 or aSR1-R3 from A. sessilis (red), were isolated and 

characterized using proteomic and genomic methods. This study aims to provide insight 

into the sequence, structure, and binding interactions of altides with chitin 

oligosaccharides. Furthermore, our findings may facilitate the design of stable antifungal 

agents and/or development of transgenic crops with enhanced resistance to fungal 

infections.  

Materials and Methods 

General experimental procedures. High-performance liquid chromatography (HPLC) 

and ultra-performance liquid chromatography (UPLC) were performed on Shimadzu 

systems. Preparative, semi-preparative, and analytical reverse-phase (RP)-HPLC were 

performed on Phenomenex C18 columns (particle size, 5 m; pore size, 300 Å; Hesperia, 

CA, USA) with dimensions of 250 x 22 mm, 250 x 10 mm, and 250 x 4.6 mm, 

respectively. A polyLC polysulfoethyl A column (250 x 9.4 mm and 250 x 4.6 mm) was 

used for strong cation exchange (SCX)-HPLC. An ABI 4800 MALDI-TOF/TOF system 

(Applied Biosystems, Framingham, MA, USA) was used for mass spectrometry (MS) 

analysis of crude extracts and HPLC fractions. Absorbance in chitin binding, 

cytotoxicity, and hemolysis assays was acquired using an Infinite® 200 PRO microplate 
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reader (Tecan Group Ltd., Maennedorf, Switzerland Germany). Two-dimensional (2D)-

NMR experiments were conducted with a Bruker Avance II 600 MHz NMR spectrometer 

(Bruker Instruments) equipped with a TXI-CryoProbeTM, and 
1
H-NMR titrations were 

performed with a Bruker Avance III 500 MHz NMR spectrometer equipped with a TCI-

CryoProbeTM and a Bruker Avance II 400 MHz NMR spectrometer. All spectra were 

acquired at 298 K. Chemical reagents used in this study were of analytical grade and 

purchased from Sigma Aldrich (St. Louis, MO, USA). 

  

Isolation of peptides from A. sessilis. A. sessilis (5-10 kg) was obtained from the 

Nanyang Technological University (Singapore) herb garden and minced in water. After 

removal of debris, the homogenized plant was extracted with water using a muslin cloth. 

The crude extract was centrifuged at 8000 rpm for 10 min at 4°C, and the clear 

supernatant was filtered and loaded on C18 flash column. Elution was performed using 

increasing concentrations of ethanol (20-70%). Eluents that contained the desired 

peptides were pooled and purified using multiple rounds of SCX- and RP-HPLC. For 

SCX-HPLC, a linear gradient from buffer A (5% acetonitrile, 20 mM KH2PO4; pH 3) to 

buffer B (5% acetonitrile, 0.5 M KCl, 20 mM KH2PO4; pH 3) was used. Fractions from 

SCX-HPLC that contained chitin-binding peptides were pooled and purified by RP-

HPLC using buffer A (0.1% trifluoroacetic acid in water) and buffer B (0.1% 

trifluoroacetic acid in 100% acetonitrile).  

 

De novo sequencing of altides using MALDI-TOF MS/MS. Approximately 50 μg of 

peptide was incubated with 50 mM dithiothreitol at 60°C for 30 min to reduce disulfide 

bonds. Iodoacetamide (300 mM) was used to alkylate reduced disulfides. Trypsin, 
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chymotrypsin, and endo-GluC digestion was carried out for 5 min at room temperature, 

followed by MALDI-TOF MS/MS sequencing as described previously (14). 

 

Chitin binding assay. Purified altides (20 µM) were incubated with chitin beads (New 

England BioLabs, Singapore) in chitin binding buffer (140 mM NaCl, 10 mM Tris, 1 mM 

EDTA, 0.1% [v/v] Tween 20; pH 8.0) for 4 h. At each time point, the solution was 

centrifuged at 12,000 rpm for 1 min, and the absorbance of the supernatant was read at 

280 nm. Elution of bound peptide was performed using two methods. In the first method, 

four chitin elution buffers (10 mM Tris, 1 mM EDTA, 0.1% [v/v] Tween 20; pH 8.0) 

with increasing NaCl concentration (300 mM, 500 mM, 700 mM, and 1 M) were used, 

and in the second method, 0.5 M acetic acid at 100°C for 30 min to 1 h was used. 

Supernatants were further analyzed using RP-UPLC and MALDI-TOF to assess binding 

and elution.  

 

NMR spectroscopy. Samples containing approximately 0.5-0.6 mM peptide were 

prepared in a 20 mM sodium phosphate buffer (pH 7.0) containing 50 mM NaCl and 

0.01% NaN3 in D2O or 10% D2O. Nuclear Overhauser effect spectroscopy (NOESY) 

experiments were acquired with 200 and 300 ms mixing times (15, 16). Total correlation 

spectroscopy (COSY) (17) data were recorded with a mixing time of 69 or 78 ms using 

MLEV17 spin lock pulses (18). Vicinal coupling constants were measured using the 

double-quantum-filtered (DQF)-COSY (19) and one-dimensional (1D)-
1
H-NMR 

experiments. All 2D-NMR data were recorded in the phase sensitive model using the 

time-proportional phase increment method (20), with 2048 data points in the t2 domain 

and 512 points in the t1 domain. Slowly-exchanging amide protons were identified by 

immediate acquisition of a series of 1D-experiments after dissolving the lyophilized 
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peptide in a D2O solution. The water signal was suppressed using water-gated pulse 

sequences (21) or excitation sculpting (22) combined with pulsed-field gradients. All 

NMR data were processed using Bruker TOPSPIN 2.1 or NMRPipe (23) programs on a 

Linux workstation and analyzed using Sparky 3.12 software. DQF-COSY spectra were 

processed on 8192 x 1024 data matrices to obtain a maximum digital resolution for 

coupling constant measurements. Sodium 3-(trimethylsilyl)-1-propanesulfonate (DSS-d6) 

was used as internal reference. 

               Structure calculations. Solution structures of aSG1 were calculated by hybrid distance 

geometry and a simulated annealing protocol in torsion angle space with CNS 1.2 (24). The 

three disulfide bonds were restrained in accordance with the disulfide bonding patterns based 

on the observed Hβ-Hβ NOEs from NOESY spectra by generation of covalent disulfide 

linkages during the initial molecular topology file generation stage using a CNS script. A 

total of 597 distance and 18 torsion angle constraints were used for structure calculations. 

NOE distance restraints were classified strong (1.8-3.0 Å), medium (1.8-3.5 Å), weak (1.8-

5.0 Å), or very weak (1.8-6.0 Å) based on intensities derived from NOESY spectra recorded 

in 10% D2O or 100% D2O. To validate the disulfide bond connectivities, structure 

calculations & refinements were performed for 15 different disulfide bond patterns. 

Molecular topology files for 15 different disulfide bond connectivities were generated using 

molecular topology file generating script of CNS. 200 structures were calculated by distance 

geometry regularization and simulated annealing protocol out of which the lowest 18-20 

structures were selected for each disulfide bond combination and average total energies were 

compared. Corrections for pseudo-atom representations were used for non-stereospecifically 

assigned methylene, methyl group, and aromatic ring protons (20).. Backbone dihedral angle 

restraints were derived from 3JHNα coupling constants in DQF-COSY or 1D-
1
H-NMR 

spectra in a H2O solution (25, 26). Backbone dihedral restraints were -55° ± 45° (3JHNα < 6 
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Hz) and -120° ± 50° (3JHNα > 8 Hz). Hydrogen bond donors were identified from proton-

deuterium exchange experiments, and hydrogen bond acceptors were determined in the 

preliminary structure calculation stage. The 200 starting structures were generated and 

refined using a hybrid distance geometry-simulated annealing protocol (27-29) in the CNS 

1.2 program. Finally, 18 final structures were selected by their total energy values for display 

and structural analysis. MOLMOL (30) and PyMOL (31) programs were used for structure 

visualization and PROCHECK-NMR (32) were used for structure validation.  

 

NMR titration experiments. The binding affinity of aSG1 and aSR1 towards N, N´-

diacetyl chitobiose, N, N´, N´´-triacetyl chitotriose, and N, N´, N´´, N´´´, N´´´´-pentacetyl 

chitopentose was determined by monitoring chemical shifts in 
1
H-NMR spectra from a 

series of titrations. Samples contained 0.6 mM peptide in 20 mM sodium phosphate 

buffer (pH 7.4) in D2O, using 100 µM of DSS-d6 as internal reference. Increasing 

concentrations of chitobiose [0.036-50.8 mM], chitotriose [0.1-4.8 mM], and chitopentose 

[0.1-4.8 mM] were then titrated while keeping the peptide concentration constant. 

Differences in chemical shifts of characteristic protons were plotted against sugar 

concentrations and fitted using Origin 9.0 according to equation (1) (33): 

Δδobs = Δδmax 
〈[P]t+[L]t+KD−{([P]t+[L]t+KD)

2−4[P]t[L]t}
1

2⁄ 〉

2[P]t
   (1) 

where Δδobs is the change in the observed shift from the free state, Δδmax is the maximum 

shift change upon saturation, [P]t is the total concentration of the peptide, and [L]t is the total 

concentration of the sugar (33). 

 

Heat stability assay. Purified altides were incubated for 1 h at 100°C in water and 

subsequently subjected to UPLC. DALK, a short peptide known to be thermostable, was 
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used as a positive control, and the linear peptide RLYRRGRLYRRNHV (RV-14) 

synthesized in the laboratory was used as a negative control. MALDI-TOF MS was used 

to monitor peaks collected by UPLC. 

 

Proteolytic enzyme stability assay. Purified altides were incubated with or without 

trypsin and pepsin at a final peptide to enzyme ratio of 20:1 (mol/mol) at 37°C for 6 h. 

RV-14 was used as a control. At each time point, 50 µl of each sample was subjected to 

UPLC, and the mass of the peaks collected was determined by MALDI-TOF MS. 

 

Cytotoxicity Assay. PrestoBlue Cell Viability reagent (Invitrogen, Carlsbad, CA, USA) 

was used to test the cytotoxicity of altides. Cells were seeded in a 96-well microtitre plate 

(5 x 10
4
 cells/ml) and incubated with 1-100 µM altides for 24 h at 37 °C. After 

incubation, 10 µl PrestoBlue reagent was added to the wells and incubated at 37 °C for 1 

h. Subsequently, fluorescence was measured according to the manufacturer’s protocol. 

Wells without altides served as controls. 

 

Cloning of altide genes. Total RNA was extracted from A. sessilis using Trizol® reagent 

(Life Technologies, Carlsbad, CA, USA). 3´- and 5´-cDNA libraries were synthesized 

from the RNA using a 3´-system for Rapid Amplification of cDNA Ends (RACE; 

Invitrogen) and SMARTer™ RACE cDNA Amplification kit (Clontech, Takara 

Biotechnology, Dalian, China), respectively. Degenerate primers targeting regions 

PQCNHG (5´–CCTGGTCArTGyAAyCAyGG-3´) and QGYCGTG (5´-

CAAGGTTATTGyGGnACnGG-3´) were used in the 3´-RACE polymerase chain 

reaction (PCR). Products of desired size were cloned using pGEM-T Easy® vector 

(Promega, Madison, WI, USA) and sequenced. Specific primers were designed using the 
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3´-untranslated region to amplify the 5´-end of the construct in 5´-RACE PCR. To study 

the location of introns, genomic DNA of the plant was extracted using cetyltrimethyl 

ammonium bromide (CTAB) buffer (34), and specific primers designed to recognize 

altide untranslated regions were used in PCR. Precursor sequences were aligned using the 

ClustalW multiple alignment tool of BioEdit (35) software, and signal sequences were 

determined using SignalP server (36). 

 

Antibacterial assay. Antibacterial activity of altides was assessed using a radial 

diffusion assay as described elsewhere (37). Gram-positive strains of Staphylococcus 

aureus and gram-negative Escherichia coli were used. CT-8, a potent antimicrobial CRP 

isolated in our laboratory from Clitoria ternatea, was used as the positive control. 

 

Results  

Isolation and sequencing of peptides from A. sessilis. Preliminary screening of red and 

green varieties of A. sessilis using MALDI-TOF revealed clusters of peptides between 3-

4 kDa (Fig. 2). Therefore, a scale-up extraction (5-10 kg of A. sessilis leaves) of the 

putative CRPs was performed. The isolated peptides were fully reduced, alkylated, 

digested using trypsin, chymotrypsin, and endo-GluC, and then subjected to de novo 

sequencing using tandem MS. aSG1-G3 and aSR1-R3 were found to be 29-30 amino 

acids in length with a high content of cysteine (6 residues), glycine (7 residues), and 

proline (4 residues), accounting for nearly 60% of the peptide sequence (Table 1). 

Sequence comparison between altides of the green variety revealed greater than 89% 

homology, while altides from red variety were 85% identical to each other. Sequences 

from red and green varieties were 75-90% homologous to each other (38). BLAST 

analysis revealed they belong to a family of hevein-like proteins containing a single 
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chitin-binding domain. Sequence comparison revealed a 70-90% homology among 

altides and other hevein-like peptides from different plant families. Sequence alignment 

showed a conserved C-terminal tyrosine residue and a conserved chitin-binding domain 

(SXFGY/SXYGY) (Fig. 3A).  

   

Solution structure of aSG1 determined by NMR. All spin-spin systems of aSG1 were 

identified, and ~98% of proton resonances were unambiguously assigned (Suppl. Fig. 1; 

Table S1). The three disulfide bonds (Cys I-Cys IV, Cys II-Cys V, and Cys III-Cys VI) 

were confirmed by characteristic dββ (i,j) NOEs between cysteine pairs (Fig. 3B). The 

NMR ensemble was calculated using 15 disulfide bond patterns and structural energies 

between them were compared (Table S2). Based on the result of energetic analysis for 

different disulfide combinations, patterns Cys I-Cys IV/Cys II-Cys V/Cys III-Cys VI , 

Cys I-Cys V/Cys II-Cys IV/Cys III-Cys VI and Cys I-Cys II/Cys III-Cys VI/Cys IV-Cys 

V showed  low total energy values (30 to 66 kcal/mol) compared with other disulfide 

bond patterns with energy values ranging from 200 to 760 kcal/mol. Disulfide pattern 

Cys I-Cys IV/Cys II-Cys V/Cys III-Cys VI had the lowest total energy value of 29.90 

±0.87 kcal/mol indicating that this disulfide bond pattern of aSG1 is energetically more 

favorable than other possible disulfide bond combinations and is in agreement with Hβ-

Hβ connectivities observed from NMR spectrum. The solution structure of aSG1 was 

determined based on a total of 597 NMR-derived distance restraints and 18 dihedral 

angle restraints. The ensemble of 18 low-energy structures is shown (Fig. 4A). Root-

mean-square deviation values relative to the mean coordinate of 18 conformers for 

residues Gly-3 to Gly-30 were 0.28 Å for backbone atoms and 1.11 Å for all heavy 

atoms. Sequential dαN (i,i+1) NOE connectivity together with values of 3JHNα and 

hydrogen bond patterns were determined by amide hydrogen exchange experiments. 
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aSG1 was shown to be shaped by a combination of at least two extended β-sheets and 

tight turn structures. In addition, several strong dNN(i,i+1) and medium or weak 

dαN(i,i+3),  dNN(ι,ι+2), and dNN(ι,ι+3) NOEs were  also  observed in the C-terminal 

region (Pro-26 to Gly-30), indicating an α-helix-like conformation for these regions.  

The aSG1 structure consisted of two antiparallel, small α-sheets (β1:Cys15-Cys16 and 

β2:Gly20-Gly24), one α-helix-like segment, and several tight turns and loops, and its 

molecular shape was well-defined by a number of medium- and long-range NOEs (Fig. 

4B). PROCHECK analysis indicated that all residues were distributed in the allowed 

region of the Ramachandran map. Overall topology of aSG1 was that of a compact 

globular molecule and seemed to be stabilized by several strong hydrogen bonds and 

three disulfide bridges.  

 

Chitin binding activity. To assess chitin binding activity of altides, aSG1, aSR1, and 

aSR2 were incubated with chitin beads at 4 ºC for 4 h. At specified time intervals, the 

absorbance of the supernatant was measured at 280 nm to monitor free peptides. UPLC 

profiles indicated that altides bound to chitin within 1 h (Fig. 5). The use of chitin elution 

buffers comprised of up to 1 M NaCl showed no increase in absorbance, indicating that 

peptides bound strongly to the chitin beads. The use of 0.5 M acetic acid and incubation 

at 100 ºC was effective for elution of aSG1 and aSR2 within 30 min and aSR1 in 1 h as 

indicated by absorbance values and UPLC profiles. Together the data suggest that altides 

bind strongly to chitin and can be eluted by heating under acidic conditions. 

 

1
H-NMR titration of altides and GlcNAc oligomers. To obtain the KDs for the 

interaction between altides and GlcNAc oligomers, 
1
H-NMR titrations were performed. 

Increasing concentrations of chitobiose and chitotriose were titrated into 0.6 mM aSG1 
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and aSR1, respectively, and 
1
H-NMR spectra were recorded at each titration point. 

Significant changes in the chemical shifts of a number of peaks validated the formation of 

a complex between altides and chitin oligosaccharides. When chitobiose was titrated into 

aSG1, the difference in chemical shifts of peaks in the region between 7.0-8.0 ppm 

indicated involvements of aromatic residues in binding (Fig. 6). Tyr-28, Tyr-19, Tyr-21, 

and Gln-18 were found to be involved in the binding of aSG1 to chitobiose. Titration of 

chitotriose into aSR1 also showed peak shifts between 7.0-8.0 and 1.2-1.4 ppm with line 

broadening, indicating similar residues were involved in binding chitotriose. Due to 

sequence homology between aSG1 and aSR1, observed chemical shift values of aSR1 

were compared with the assigned spectra of aSG1 to elucidate the residues involved in 

the binding interactions. Arg-17, Phe-19, Tyr-21, and Tyr-27 of aSR1 were involved in 

the binding interaction with chitotriose. Extensive line broadening was observed when 

chitopentose was titrated into aSG1 which could be due to the formation of aggregates 

(39, 40). Therefore, only the interaction of aSG1 and aSR1 with chitobiose and 

chitotriose, respectively, were used for calculating KDs. Chemical shift values were 

plotted against sugar concentration (Fig. 7) and fitted to equation (1). Interestingly, 

although the KD for the interaction between aSG1 and chitobiose was 9.6 ± 0.107 mM, 

the KD for aSR1 and chitotriose was found to be only 97 ± 17.8 µM.  

 

Heat and proteolytic stability. To assess stability of altides to thermal and enzymatic 

degradation, peptides were incubated at 100 ºC for 1 h or with trypsin and pepsin for 6 h. 

UPLC and MS data showed that altides remained stable in the heat stability test with 97% 

of aSR1 and 91% of aSR2 remaining intact after 1 h (Fig. 8). Likewise, altides treated 

with trypsin and pepsin were stable against enzymatic degradation, with greater that 75% 

of peptides remaining intact after a 6-h incubation (Fig. 8). The linear peptide (RV-14) 
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synthesized in our laboratory was used as a control for all experiments and was 

completely degraded within 1 h of trypsin and 4 h of pepsin treatment.  

 

Biological activity of altides. The cytotoxicity, as well as antibacterial activity, of altides 

was assayed. In our experiments, none of the altides showed significant cytotoxic or 

antibacterial effects at concentrations up to 100 µM. 

 

Cloning of altide-encoding genes. The cDNA library obtained from RNA of A. sessilis 

(green) was subjected to 3´- and 5´-RACE PCR to attain full-length gene of aSG1. 

Primers designed to recognize 3´- and 5´-UTRs of this gene amplified the DNA 

sequences of aSG1 and aSG2. The 81-amino-acid-long precursors (Fig. 9A) contained a 

24-amino-acid endoplasmic reticulum (ER) signal peptide followed by a mature CRP 

domain and a 25-amino-acid C-terminal tail. The mature domains differed at three 

positions: Pro-26 in aSG1 was absent in aSG2, and Gln-28 and Ala-51 in aSG1 were 

replaced by Glu-28 and Arg-51 in aSG2, respectively. Both the signal peptides and C-

terminal tail were highly conserved and differed by only one amino acid residue. 

Sequence comparison of RACE and DNA PCR products showed that there were no 

introns in the gene coding for altides. 

 

Discussion 

In this study, six novel 6C-hevein-like peptides, collectively named altides, from both 

green and red varieties of A. sessilis (Amaranthaceae family) were isolated and 

characterized by proteomic, genomic, and biophysical methods. Currently, only four 6C-

hevein-like peptides have been studied, namely, two Ac-AMPs, one Ar-AMP, and one 

IWF-4, all belonging to the Amaranthaceae family (11, 12, 41). Structural analysis of 
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altides using NMR showed that the three disulfide bonds between Cys I-Cys IV, Cys II-

Cys V, and Cys III-Cys VI were arranged in a knotted structure typically characterized as 

a ring formed by two disulfide bonds and the connecting backbone through which the 

third disulfide bond penetrates. This stable, knotted conformation, called a cystine knot, 

contributes to the stability of altides to thermal and enzymatic degradation.  

 

Bioprocessing of altides is through the secretory pathway.  

 

Gene cloning studies have shown that altides are ribosomally synthesized peptides with a 

three-domain precursor comprising an ER signal domain followed by a mature domain 

and C-terminal tail (42). This gene organization differs from other CRPs which generally 

contain a pro-domain before the mature CRP-domain (14, 43, 44). The presence of an ER 

signal domain suggests that the bioprocessing of altides follows the secretory pathway 

(45). The ER signal sequence is cleaved by signal peptidase. The 30-residue mature 

domain is then cleaved from the 25-33-amino-acid C-terminal tail (Fig. 9B). BLAST 

analysis of altide precursor peptides showed that they are similar to other 6C-hevein-like 

peptides, like Ac-AMP2 (46), Ar-AMP (11), and IWF-4 (41), as well as 10C-hevein-like 

peptides Wamp-1, Wamp-2, and Wamp-3 from Triticum kiharae seeds (47). Altide 

precursors show highest sequence similarity with Ac-AMP2 (81%) and Ar-AMP (66%). 

Altide precursors are five residues longer than IWF-4, while their signal peptides showed 

no sequence similarity. Wamp precursors were 36 residues longer than altide precursors 

due to the longer mature domain (45 residues) and an additional 10 residues in the signal 

peptide and C-terminal tail (Fig. 9A). Together, the data suggests that the overall 

organization of the precursor peptides is conserved among 6C-, 8C-, and 10C-hevein-like 

peptides and only vary by domain length. Knowledge of altide precursor structures 
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provides insight into their biosynthesis and may be beneficial for development of 

transgenic crops. 

 

Binding interaction between altides and GlcNAc oligomers. 

The KD and residues involved in the binding interaction between altides and chitin 

oligosaccharides were elucidated using 
1
H-NMR titration experiments. Aromatic 

residues, Tyr-19, Tyr-21, and Tyr-28 from aSG1 (Fig.10) and Phe-18, Tyr-20, and Tyr-27 

from aSR1, occupying the conserved chitin-binding domain (SXYGY or SXFGY), were 

involved in binding to the chitin oligosaccharides. Our results are similar to previous 

reports on complexes of hevein (48), pseudo-hevein (8), WGA (49), and Ac-AMP2 (50) 

where the aromatic residues at conserved positions stabilize the complex through CH-π 

stacking interactions and van der Waal’s contacts.     

The KD for the interaction between aSG1 and chitobiose was 9.6 mM, whereas it was 97 

µM for the interaction between aSR1 and chitotriose, showing two orders-of-magnitude 

difference. This difference can be attributed to the increase in number of binding sites 

when chitotriose was used (51). This observation is in agreement with previous studies on 

the interaction of  hevein with chitin oligosaccharides where binding strength of the 

interaction increased by one order-of-magnitude per GlcNAc residue (n = 1-3) (51). The 

binding constant of aSR1 to chitotriose is comparable to Ac-AMP2 (6) and hevein (51). 

Together, this data provides insights into the binding motif and affinity of altides to chitin 

oligosaccharides which can be used to efficiently design putative antifungal agents with 

enhanced stability and affinity to chitin.  

 

In summary, the discovery of altides has helped to expand the list of 6C-hevein-like 

peptides from four to ten and to gain knowledge of sequence diversity of the chitin-
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binding motif. Due to the small size of altides, their interaction with chitin 

oligosaccharides was studied to gain insight into their binding affinity and active site. 
1
H-

NMR titration experiments of aSR1, the smallest 6C-hevein-like peptide isolated thus far, 

revealed that aromatic residues occupying the conserved chitin-binding domain were 

involved in binding, and the KD of the interaction was comparable to hevein. As a 

consequence of their ability to bind to chitin oligosaccharides, altides are potential 

antifungal agents. 2D-NMR studies revealed that the disulfide bonds were arranged in a 

cystine knot motif, conferring high resistance to heat and enzymatic degradation. The 

high stability and low cytotoxicity of altides makes them attractive for studying their 

antifungal activity against phytopathogenic fungi. Knowledge regarding the cDNA and 

gene organization of altides can be utilized to develop transgenic crops with putative 

enhanced resistance to fungal infections.  
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Tables 

Peptide Peptide Sequence Molecular 

Weight 

(Da) 

Charge 

aSG1 APGQCNHGRCPSGLCCSQYGYCGTGPAYCG- 3004 +2 

aSG2 A-GECNHGRCPSGLCCSQYGYCGTGPRYCG-  2992 +2 

aSG3 APGQCNHGRCPSGICCSQYGYCGTGPAYCGG  3060 +2 

aSR1  VGECVQGRCPPGLCCSRFGYCGTGPAYCG- 2932 +1 

aSR2 APGECKHGRCPPGICCSQYGYCGTGPAYCG- 3029 +2 

aSR3 APGECKHGRCPPGICCSQYGYCGTGPAYC-- 2973 +2 

 

Table 1. Primary sequence of altides isolated from red and green varieties of A.sessilis. 

Purified and isolated peptides were reduced, alkylated, digested and sequenced using tandem 

MS de novo sequencing  
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Figure Legends 

Figure 1. (A) Aerial parts the green variety of A.sessilis. (B) Aerial parts of the red variety of 

A.sessilis 

Figure 2. MALDI-TOF MS profile of aerial parts of (A) green variety and (B) red variety of 

A.sessilis. Fresh plant material (250 mg) was ground to fine pieces in 50% ethanol and the 

extract was analyzed by MALDI-TOF MS to check for presence of CRPs 

Figure 3. Consensus sequences and secondary structure of altides of altides. (A) Altide 

sequences are aligned with sequences of 6C-, 8C- and 10C-hevein like peptides from 

different plants. All peptides show a conserved chitin-binding motif SXYGY/ 

SXFGY/SXWGY. β stands for β-strand and 𝛼 stands for 𝛼-helix. Disulfide connectivity is 

indicated by blue bridges. (B) Two-dimensional NOESY spectra showing the expanded 

aliphatic regions of aSG1 obtained with mixing time 300ms in D2O at 25°C. The correlations 

between cysteines forming disulfide bridges of ASG1 (Cys
5
-H

β
/Cys

16
-H

β
, Cys

10
-H

β
/Cys

22
-H

β
, 

Cys
15

-H
β
/Cys

29
-H

β
) are represented by rectangular boxes. 

Figure 4. NMR structure of aSG1. A) Superposition of the backbone traces from final 18 

ensembles of solution structures and restrained energy minimized (REM) structure of aSG1 

by NMR spectroscopy. REM structure of aSG1 was highlighted in red color. B) Ribbon 

representation of aSG1 REM structure. Three disulfide bridges (Cys I-Cys IV, Cys II-Cys V 

and Cys III-Cys VI) are shown by ball and stick representation.  

Figure 5. Chitin binding activity of altides. After incubation with chitin beads for 4 h at 4°C, 

UPLC profiles showed  that aSG1 (A), aSR1 (B), aSR2 (C) bound to the beads in 1 h. Bound 

altides were eluted in acidic condition with heating at 100°C. aSG1 (D) and aSR2 (F) were 

eluted in 30 min while aSR1 (E) was eluted in 1 h 
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Figure 6. 
1
H-NMR titration study of altides with chitin oligosaccharides. (A) 0.6 mM aSG1 

was titrated with increasing concentration of chitobiose at pH 7.4. Variations in protons of 

tyrosine residues were followed. Sugar concentration is indicated on the left. (B) Increasing 

concentration of chitotriose was titrated into 0.6 mM aSR1. Dramatic changes in chemical 

shift and line broadening of peaks corresponding to aromatic residues were observed. 

chitotriose concentration is indicated on the left 

Figure 7. 
1
H NMR titration plots for (A) aSG1 and chitobiose and (B) aSR1 and chitotriose 

with corresponding dissociation constants. (C) 
1
H NMR spectrum of aSR1 with the assigned 

1
H NMR spectrum of aSG1 indicating the residues involved in the binding interaction 

Figure 8. Stability assays of altides.  Thermal stability of aSR1 (A) and aSR2 (B) at 100°C. 

DALK, a linear peptide synthesized in our laboratory was used as an internal standard. (C) 

Trypsin stability of aSR1. (D) Pepsin stability assay of aSR1. aSR1 remained stable to 

thermal and enzymatic degradation 

Figure 9. Precursor structure of altides. (A) Alignment of altide precursors with precursors of 

other hevein-like peptides including Ac-AMP2, Ar-AMP, IWF-4, WAMP-1, WAMP-2 and 

WAMP-3. (B) Biosynthesis pathway of altides 

Figure 10. Chitin-binding motif of aSG1. 
1
H-NMR titrations with chitobiose showed that 

Gln-18, Tyr-19, Tyr-21 and Tyr-28 were involved in binding interaction. 
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