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while Tribolium castaneum and Callosobruchus chinensis 
(Coleoptera) α-amylases were completely inhibited. Molec-
ular docking of AhAI revealed tighter interactions with 
active site residues of T. castaneum α-amylase compared 
to C. chinensis α-amylase, which could be the rationale 
behind the disparity in their IC50. Normal growth, develop-
ment and adult emergence of C. chinensis were hampered 
after feeding on rAhAI. Altogether, the ability of AhAI to 
affect the growth of C. chinensis demonstrated its potential 
as an efficient bio-control agent, especially against stored 
grain pests.
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Introduction

A constant molecular battle exists between host plants 
and their insect pests. Plants synthesize various defen-
sive proteins including inhibitors against insect digestive 
enzymes (Ambekar et  al. 1996; Giri and Kachole 1998) 
while insects overcome the digestive inhibition by produc-
ing multiple isoforms of these enzymes having differential 
sensitivity (Zavala et  al. 2008; Sarate et  al. 2012). Insect 
digestive α-amylases play an important role in digestion 
and assimilation of starch and carbohydrates ingested by 
feeding on host plants (Franco et al. 2002). Plants, on the 
contrary, produce various proteinaceous α-amylase inhibi-
tor (α-AI) and protease inhibitors in response to insect 
feeding (Franco et  al. 2002; Mishra et  al. 2012). Mono-
meric, dimeric and tetrameric α-AIs from wheat and barley 
have been studied extensively and particularly against stor-
age insect pests (Petrucci et  al. 1976; Lazaro et  al. 1988; 
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Sanchez-Monge et  al. 1986; Gomez et  al. 1989). Simi-
larly, α-AIs from rice, castor seeds and water jasmine were 
also evaluated for effective inhibition of insect digestive 
enzymes (Yamasaki et al. 2006; Do Nascimento et al. 2011; 
Nguyen et al. 2014). α-AI lectins were shown to affect nor-
mal growth and physiology of insect pests (Paes et al. 2000; 
Napoleao et  al. 2012; Lagarda-Diaz et  al. 2014). Various 
transgenic plants carrying heterologous α-AI have demon-
strated effectively in mitigating insect infestation (Pereira 
et al. 1999; Luthi et al. 2013).

Detailed analysis of molecular interactions between 
plant α-AI and insect digestive α-amylases is essential to 
design potent and effective inhibitors (Giri et  al. 2004, 
2016). Molecular insights of the underlying inhibitory 
mechanism of α-AI were studied through three-dimensional 
structures of enzyme-inhibitor complexes. Basic interaction 
of the α-AI with α-amylases involved specific hydrogen 
bonding interaction between the amino acid residue of the 
inhibitory loop and active sites of the enzyme (Chagolla-
Lopez et  al. 1994; Pereira et  al. 1999). Precise hydrogen 
bonding of arginine, tyrosine and tryptophan residues pre-
sent on an inhibitory loop of microbial α-AI, Tendamistat 
and active site residues of porcine pancreatic α-amylase 
was reported (Wiegand et al. 1995). Significant variation in 
conformational changes observed in the inhibitory loop of 
Phaseolous vulgaris α-AI upon binding to insect and mam-
malian α-amylases was suggested as an underlying mecha-
nism for the differential inhibitory activity (Nahoum et al. 
1999). Similarly, a distinct mode of interaction between 
wheat α-AI and α-amylase isoforms from Helicoverpa 
armigera was detected. Aggregation of one of the isoforms 
with wheat α-AI was predicted to be responsible for its 
respective higher inhibition (Bhide et al. 2015).

Much of the knowledge of inhibitory mechanism has 
come from the analysis of effects of various mutations in 
the inhibitory domain(s) of a particular inhibitor on its 
inhibitory activity. For example, peptide variants of pro-
teinaceous α-AI from Tephrosia villosa (TvD1) were gener-
ated through in vitro mutagenesis and the effect of muta-
tions on its overall inhibitory activity was studied (Liu et al. 
2006; Lin et al. 2007; Vijayan et al. 2012). A mechanism 
of steric hindrance was observed for bifunctional α-AI 
(BASI) from barley which inhibits endogenous α-amylases 
by binding to active site of the enzyme. In this case, an 
unusual completely solvated calcium ion was located at 
the protein–protein interface (Vallee et  al. 1998). Differ-
ent types of α-AI were also reported to possess proteolytic 
and chitinolytic activities along with the amylolytic activity 
(Strobl et al. 1998; Dayler et al. 2005).

α-AIs have various applications in medicine and fer-
mentation industries. For example, barley α-AI was found 
to be industrially important as it was involved in improv-
ing beer foam stability during processing (Limure et  al. 

2015). Moreover, α-AI also has positive effects on cancer 
progression. Additionally, micro-RNA-mediated β-catenin 
signalling was targeted by barley BASI which eventually 
impeded glioblastoma progression (Shi et al. 2014). Infor-
mation regarding induction and regulation of various α-AI 
expressions under different stress conditions is limited. 
However, a report suggests the synthesis of α-AI could 
be induced by abscisic acid and dehydration stress (Rob-
ertson et al. 1989). In the present study, a α-AI gene from 
Amaranthus hypochondriacus (AhAI) was characterized at 
molecular and biochemical levels. Although the interaction 
of AhAI with various α-amylases from bacterial, fungal, 
mammalian and lepidopteran insect showed moderate or 
no inhibition, coleopteran insect α-amylases were strongly 
inhibited by the same. Further, AhAI’s potential for in vivo 
suppression of growth and development of stored grain pest 
Callosobruchus chinensis was also investigated.

Materials and methods

Sequence and phylogenetic analysis of α‑amylase 
inhibitors

Full-length amino acid sequences of all the α-AIs were 
extracted from NCBI database. Multiple sequence align-
ment of these sequences was carried out using Clustal 
Omega and the Neighbor-joining (NJ) tree was generated 
by MEGA6 (Tamura et al. 2013) using 1000 bootstrap rep-
licates, and fungal (Streptomyces avermitilis) α-AI (Gen-
Bank accession No. ACU45382.1) as an out-group. Mul-
tiple sequence alignment of AhAI and other α-AIs was 
performed using Clustal Omega and secondary structural 
features were evaluated and highlighted using online soft-
ware EsPript3 (Robert and Gouet 2014).

RNA isolation, cDNA synthesis and qPCR

Total RNA was extracted from young and mature leaves, 
young and mature inflorescence and seeds of Amaranthus 
hypochondriacus, A. paniculatus, Celosia argentea and 
Achyranthes aspera using Trizol reagent (Invitrogen, CA, 
USA). Crude RNA samples were treated with RQ1 DNase 
(Promega, USA). Two microgram of the DNA-free RNA 
samples was reverse-transcribed using oligo dT prim-
ers and reverse transcriptase (Promega, USA) as per the 
manufacturer’s recommendations. qPCR primer pairs were 
designed in non-homologous regions of α-AI (Table  S1). 
cDNA was diluted before use in a PCR reaction and quanti-
tative q PCR reactions were performed using AB 7900 Fast 
Start q PCR System (Applied Biosystems, USA; cycler 
conditions: 95 °C for 10 min; 40 cycles of 3 s at 95 °C and 
30 s at 55 °C with an additional dissociation stage of 15 s 
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each at 95, 55 and 95 °C) and SYBR Green PCR master 
mix (Roche Applied Science, Germany). Each plate was 
run with a standard curve and no template control. Rela-
tive quantification was carried out using the standard curve 
method with Elongation Factor 1α (EF1α) as a reference 
gene (Table S1). Amplification efficiency of each gene was 
assessed by plotting a standard curve using five serial dilu-
tions of cDNA from a template pool and similar efficien-
cies were calculated by LinRegPCR software (http://www.
hartfaalcentrum.nl/index.php). The target gene expression 
levels were then normalized using EF1α.

Sequence analysis of 3′UTR region

RNA was isolated and cDNA was prepared from young 
leaves of A. hypochondriacus. Degenerate primers 
were designed and amplified PCR products (~100  bp) 
were cloned into pGEM-T vector (Promega, USA) and 
sequenced. 5′ and 3′ sequence ends were amplified as per 
manufacturer’s instructions (Clontech, USA) and resulted 
products were sequenced to obtain full-length nucleotide 
sequence of the inhibitor. Sequenced 3′UTR regions of 
various full-length AhAI transcripts from A. hypochondria-
cus and its related species viz. A. paniculatus, A. aspera, C. 
argentea were aligned using clustal Omega.

Cloning, expression and purification of AhAI

Open reading frame (ORF) of AhAI (GenBank acces-
sion: KU641477) without the native signal peptide of 26 
amino acids (aa) was amplified using designed primer 
pairs (Table S1) and cloned in pET 28-a expression vector 
(Novagen, Madison, USA) in frame with N-terminus 6X 
His-tag. Recombinant plasmids were amplified and trans-
formed into Escherichia coli BL21 Star (DE3) cells. BL21 
cells transformed with AhAI constructs were induced with 
0.54  mM isopropyl-β-d-1-thiogalactopyranoside (IPTG) 
and incubated at 37 °C for 5 h. AhAI protein was purified 
from inclusion bodies using on-column refolding method 
(Oganesyan et al. 2005). In brief, cell lysis was performed 
in the lysis buffer (50 mM HEPES, pH 7.0, 100 mM NaCl) 
by sonication (5 min with 45% amplitude, alternating 8  s 
on; 12  s off cycles) on ice followed by centrifugation at 
8000 rpm for 20 min. The pellet was washed in same buffer 
containing 1 M Urea, 2% Triton X-100. Further, pellet was 
solubilized in the denaturing buffer (20  mM Tris pH 8.5, 
8  M Urea, 100  mM NaCl, 1  mM β-mercaptoethanol) by 
gentle vortex at room temperature. The solubilized protein 
from inclusion bodies was bound to Ni–NTA pre-equil-
ibrated resin at room temperature overnight. On-column 
refolding was achieved with different buffers (10 column 
volumes of each buffer) under gravity. All the working 
solutions were prepared in Buffer-A (20 mM Tris, pH 8.5, 

100  mM NaCl). First, column was washed with denatur-
ing buffer containing 10 mM imidazole followed by buffer 
A containing 0.1% Triton X-100 and 500 mM NaCl. The 
column was further washed with buffer A containing 5 mM 
cyclodextrin followed by another wash with buffer A. The 
protein was eluted with buffer A containing 500 mM imi-
dazole and 10% glycerol.

Eluted fractions of AhAI were pooled and subjected 
to buffer exchange (20 mM Tris, pH 8.5, respectively) by 
passing through 3 kDa cut-off column (Millipore, Billerica, 
USA). Protein was quantified by Bradford assay (Bio-Rad, 
USA) using BSA as a standard. Purified proteins were 
loaded on 12% SDS–PAGE to check the purity of samples.

Localization of GFP fused with AhAI signal peptide

CDS of GFP was amplified using designed long primer 
containing complete nucleotide sequence of AhAI signal 
peptide (Table  S1). Both signal peptide with GFP (SP-
GFP) and only GFP sequence were cloned in binary plant 
expression vector pRI101-AN (Takara Bio Inc., Japan). 
Constructs pRI101-AN:SP:GFP and pRI101-AN:GFP 
were electroporated into Agrobacterium tumefaciens strain 
GV3101 using a standard electroporation protocol. Empty 
pRI101-AN vector was used as a negative control. Cultures 
of A. tumefaciens GV3101 containing respective constructs 
were grown at 28 °C in Luria–Bertani medium contain-
ing selection markers (25 µg/mL rifampicin and 50 µg/mL 
kanamycin) at 120 rpm for 24 h. Agrobacterium cells were 
harvested by centrifugation at 3500 rpm for 5 min and sus-
pended in infiltration buffer (half strength MS medium, pH 
5.6, Hi-Media, India and 200  μM acetosyringone). Agro-
bacterium cells were pelleted and resuspended in infiltra-
tion buffer by adjusting an OD 1.0 at 600  nm. Cultures 
were incubated at 24 °C for 3  h before infiltration. After 
incubation, Agrobacterium cultures were infiltrated into the 
leaves of 2 weeks old Nicotiana benthamiana seedlings. 
Plants were maintained at 24 °C in a growth chamber. Leaf 
sections were visualized for sub-cellular localization of 
GFP using confocal scanning microscope (Zeiss LSM 710, 
Germany) at 4 dpi after agro-infiltration.

Extraction of apoplastic fluid and western blot analysis

Apoplastic fluid from tobacco leaves was extracted 4 
days post-agro-infiltration as described by O’Leary et  al., 
(2014). Briefly, syringe method was used to create a nega-
tive pressure inside the barrel containing leaves to infiltrate 
20  mM phosphate buffer (pH 7.0) inside leaves. Leaves 
after infiltration were carefully blotted and rolled around 
the 1 mL tip and were inserted inside the small syringe bar-
rel. Barrel was kept inside the 50 mL centrifuge tube and 
the whole assembly was centrifuged at 800 rpm for 10 min. 

http://www.hartfaalcentrum.nl/index.php
http://www.hartfaalcentrum.nl/index.php
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Care was taken not to cause any injury to leaves through-
out the process as it may lead to leak intracellular content 
into the apoplastic extract. Collected apoplastic extract was 
concentrated through 3  kDa cut-off column and protein 
was quantified by Bradford method. An equal quantity of 
protein (28 µg) from apoplastic fluid and the remaining tis-
sue was loaded on 12% SDS-PAGE gel. After running the 
gel, protein was transferred to PVDF membrane. Gel was 
stained with silver stain to ensure the complete transfer. 
Standard western blot protocol was followed using primary 
rabbit anti-GFP polyclonal antibodies (Abcam, Cambridge, 
UK) at 1:3000 dilution and secondary anti-rabbit goat poly-
clonal antibodies (Santa Cruz Biotechnology, Inc., USA) at 
1:7000 dilution. Recombinant GFP protein was also loaded 
and detected as a positive control.

Determination of accurate molecular weight 
and α‑amylase inhibitory activity

AhAI (4.0  mg/mL) was mixed with sinapinic acid 
(Sigma–Aldrich, St Louis, USA) (50% CAN, 0.1% TFA) 
in 1:5 ratio. About 0.5 µL of this mixture was spotted on 
the MALDI target plate by dry droplet method. The mass 
spectral analysis was done on AB SCIEX MALDI-TOF/
TOFTM5800 system. Positive linear mode was used as a 
mode of operation. MS data were acquired at a laser repeti-
tion rate of 400 Mz with 1000 laser shots per spectrum over 
each sample spot in the range of 5.0–20 kDa for AhAI.

All the assays of α-amylase activity were performed 
by monitoring liberation of reducing sugars from starch 
using DNSA (Dinitrosalicylic acid) reagent. A premix of 
triplicate reactions was prepared in respective buffers and 
equal units of purified recombinant enzyme (determined 
by adjusting the absorbance at 0.5 at 540 nm as described 
earlier; Bhide et  al. 2015; Channale et  al. 2016) to which 
150 μL of starch (0.25%) was added. After 15 min of incu-
bation at 37 °C, the reaction was stopped by adding 500 μL 
of DNSA reagent and reaction tube was incubated in boil-
ing water bath for 5 min and absorbance was measured at 
540 nm. One α-amylase unit was defined as the amount of 
enzyme required to release 1 μM maltose/min at 37 °C from 
the substrate (starch) under the given assay conditions.

Insect rearing and feeding assay

C. chinensis culture was obtained from Entomology depart-
ment, CSIR-NCL, Pune. Freshly emerged C. chinensis 
adults were transferred to uninfected mung bean seeds and 
culture was maintained by transferring concurrent genera-
tions on fresh seeds. The cultures were maintained under 
controlled conditions at 25 °C, 65% relative humidity with 
12 h each dark and light cycle in insect growth chamber.

The effect of recombinant α-AI on the growth of C. 
chinensis was studied by treating mung bean seeds with 
α-AI at 0 (control), 10.0, 25.0 µM concentration prepared 
in 20 mM Tris pH 8.5, 10% glycerol and 100 mM NaCl. 
For α-AI treatment, 50 mung bean seeds were soaked in 
the above-mentioned concentration of α-AI for 60 min. The 
seeds were air-dried for 4 h. Five pairs of freshly emerged 
insects were allowed to lay eggs on the mung bean seeds; 
the insects were then separated from mung bean seeds 
after 72 h. The eggs were counted after 7 days of oviposi-
tion (Wisessing et al. 2010). The seeds were monitored and 
adults were counted after their emergence. Total weight of 
emerged adults was recorded and the percentage of adults 
emerged was calculated (Table S2).

Circular‑Dichroism spectroscopy and homology 
modeling of AhAI

Circular-Dichroism (CD) assays were carried out using 
Jasco J-815 spectropolarimeter (Jasco, Tokyo, Japan) under 
constant nitrogen flow equipped with a Peltier-type temper-
ature cuvette holder. Far-UV spectra were recorded using 
0.1  cm path length quartz cuvette. Buffer conditions for 
purified AhAI (at a final concentration of 50 µg/mL) were 
exchanged to 20 mM Tris pH 8.5 to remove residual imi-
dazole. Three consecutive measurements were accumulated 
to obtain mean spectra. The observed ellipticities were con-
verted into molar ellipticities (θ) based on molecular mass 
per residue of AhAI. Percentage of secondary structures 
was calculated using CD-Pro software (http://sites.bmb.
colostate.edu/sreeram/CDPro/).

Homology modeling of 75 aa AhAI was performed by 
submitting protein sequence to I-TASSER server (http://
zhanglab.ccmb.med.umich.edu/I-TASSER/). A model was 
selected out of five predicted models based on CD spectro-
scopic data (Fig. S1). A separate motif analysis for 43 aa 
sequence was performed using Prosite server (http://pros-
ite.expasy.org/).

Docking studies of AhAI with CcAmy and TcAmy

The three-dimensional structures of CcAmy and TcAmy 
were predicted using MODELLER ver.9.15 (Sali and Blun-
dell 1993; Webb and Sali 2014). The crystal structure of 
Tenebrio molitor α-amylase (PDB ID: 1JAE, Strobl et  al. 
1998) was used as a template. The models were evaluated 
on the basis of the lowest discrete optimized protein energy 
(DOPE) score. The structural assessment of the models was 
performed using RAMPAGE (Lovell et al. 2003). The visu-
alization of the above models was performed using Pymol 
(https://www.pymol.org ; DeLano Scientific LLC, USA).

Prediction of AhAI inhibitor binding with CcAmy 
and TcAmy was carried out using docking studies. 

http://sites.bmb.colostate.edu/sreeram/CDPro/
http://sites.bmb.colostate.edu/sreeram/CDPro/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://prosite.expasy.org/
http://prosite.expasy.org/
https://www.pymol.org
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Corresponding residues belonging to the inhibitor binding 
site, in the TmAmy structure (1TMQ) were correlated. The 
web-based protein–protein docking program GRAMM-X 
with default parameters was used for docking of proteina-
ceous AhAI inhibitor with CcAmy and TcAmy (Tovchigre-
chko and Vakser 2006).

Results

Gene structure and comparison of AhAI with other 
α‑amylase inhibitors

A 32 aa long mature peptide showing α-AI activity was 
reported in the literature. The peptide was purified from 
Amaranth seeds, aa sequence was deduced by Edman deg-
radation and structure was determined by NMR (Chagolla-
Lopez et  al. 1994; Lu et  al. 1999). In the present study, 
complete DNA sequence (CDS) of AhAI was elucidated 
by amplifying cDNA ends. AhAI gene had signal peptide 
of 26 aa followed by 43 aa long region along with reported 
mature peptide of 32 aa (Fig. 1a). Biochemical or molecu-
lar function could not be assigned to internal fragment. 
A possible mechanism for in vivo cleavage of an internal 
fragment from mature peptide also remains unclear. Phy-
logenetic analysis of AhAI protein with known α-AIs from 
eudicots and monocots indicated a strict phylogenetic dif-
ferentiation of AhAI from monocot (Fig.  1b). A similar 
α-AI showing 53% identity with AhAI was deposited from 
B. vulgaris (GenBank accession No. XP_010672947.1). 
This α-AI showed unique secondary structural identity 
with AhAI (Fig. 1c). Structural alignment with other α-AIs 
showed conservation of three cysteine residues and single 
disulfide bond across AhAI secondary structure (Fig. 1d). 
This conserved disulfide bond is crucial in maintaining 
characteristic disulfide topology of knottin-type α-AI.

AhAI orthologs from Amaranthaceae members exhibit 
identical ORF and variation in 3′UTR sequence

One domestic and two wild relatives of A. hypochondria-
cus viz. A. paniculatus, Celosia argentea and Achyran-
thes aspera, respectively, were found to contain identical 
nucleotide sequence of AhAI ORF. Interestingly, genomic 
regions within this sequence of α-AI were namely indis-
tinguishable. However, various AhAI transcript sequences 
(clones) from these four species showed variation in their 
3′UTR regions (Fig.  2). Polyadenylation recognition site 
was identified in all of the transcripts. 3′UTR region was 
known to possess sites for binding of microRNAs (miR-
NAs) which play an important role in the regulation of 
translation of desired protein (Bartel 2009). In silico 
analysis of AhAI 3′UTR region did not show any possible 

miRNAs binding sites and had found no evidence for alter-
nate splicing.

AhAI transcript abundance varies across the plant 
tissues of candidate Amaranthaceae members

Relative transcript abundance was analyzed in various 
plant parts from one domestic and two wild relatives of 
A. hypochondriacus viz. A. paniculatus, C. argentea and 
A. aspera, respectively. AhAI transcripts were abundant in 
A. hypochondriacus tissues specifically in inflorescence as 
compared to the plant tissues from other species. Although 
abundant α-AI protein was found in A. hypochondriacus 
seeds (Chagolla-Lopez et al. 1994), in our study AhAI tran-
scripts remained undetectable in the seeds of all four spe-
cies. All selected members showed variation in transcript 
abundance within respective plant tissues viz. young leaves, 
mature leaves, young inflorescence, mature inflorescence 
and seeds (Fig.  3). A. hypochondriacus mature inflores-
cence showed 40-fold higher expression of AhAI transcripts 
compared to young leaves whereas A. paniculatus and C. 
argentea had only twofold higher expression in their mature 
inflorescence. In contrast, AhAI transcript abundance in the 
mature inflorescence of A. aspera was one-third of that in 
young leaves. Similarly, when compared within respective 
plant tissues, AhAI transcripts were higher in the mature 
inflorescence of all three species except in A. aspera where 
mature leaves indicated the highest AhAI expression. Over-
all, AhAI protein was reported only from A. hypochondria-
cus seeds, transcripts were found in various plant tissues of 
four relative Amaranthaceae species. Moreover, AhAI tran-
script abundance varied within plant tissues and across the 
four relative species.

AhAI signal peptide mediates extracellular transport

Although AhAI protein was reported earlier to present 
abundantly in A. hypochondriacus seeds, AhAI transcripts 
in A. hypochondriacus seeds were undetectable (Fig. 3). 
Hence, AhAI synthesized in leaves or inflorescence could 
be transported to the seeds. Functional analysis of AhAI 
signal peptide was carried out to understand its possible 
role in extracellular transport. The signal peptide was 
fused to GFP and agro-infiltrated into the young tobacco 
leaves. Transiently expressed GFP protein without sig-
nal peptide was prominently observed in nucleus, cyto-
plasm and periphery, while GFP protein fused with AhAI 
signal peptide was observed only at the periphery and 
in extracellular spaces of the plant cell known as apo-
plast (Fig. 4a). GFP protein was not visible either in the 
nucleus or in the cytoplasm when fused with AhAI signal 
peptide. To support the above findings, apoplastic fluid 
was extracted and extracellularly secreted GFP protein 
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was detected by western blot. GFP protein was detected 
in the apoplastic fluid of leaves infiltrated with AhAI sig-
nal peptide-GFP fused construct but was absent in cel-
lular extract devoid of apoplastic content. Contrary, GFP 
protein was not detected in the apoplastic fluid of leaves 
infiltrated with only GFP construct but evident in remain-
ing cellular extract (Fig.  4b and Fig. S2). Thus, these 
findings clearly demonstrated the involvement of AhAI 
signal peptide in the transport of attached protein to the 
extracellular space in plant cell.

AhAI is a potent inhibitor of coleopteran α‑amylases

To evaluate the specific biochemical function, AhAI was 
heterologously expressed in the E. coli cells. Molecular 
weight of expressed protein was 13.2 kDa as determined by 
MALDI analysis (Fig.  5a). Inhibitory potential of recom-
binant AhAI (rAhAI) was evaluated against a wide range 
of α-amylases belonging to human, insect, fungi and bac-
teria (Fig. 5b). rAhAI was effective in complete inhibition 
of the amylolytic activity of coleopteran α-amylases i.e. 

Fig. 1   Comparison of AhAI protein sequence with known plant 
α-amylase inhibitors a Schematic representation of AhAI transcript. 
b Amino acid sequence divergence of plant α-AI. Cladogram with 
protein sequences was constructed using MEGA 6 software and 
Neighbor-Joining method with 1000 iterations. Fungal (Streptomyces 
tendae) α-AI (GenBank accession No. AAA26686.1) was used as an 
out-group. c Structure based sequence alignment of AhAI with puta-
tive Beta vulgaris α-AI (GenBank accession No. XP_010672947.1). 
Multiple sequence alignment was performed using Clustal Omega. 
The secondary structure elements above the sequence blocks corre-
spond to the reported crystal structure of Amaranth α-AI (AAI; PDB 
ID: 1QFD). Conserved residues are boxed in red. Similar residues are 
in black bold and boxed in yellow. α-helices are rendered as squig-

gles and strict β-turns as TT. Cysteine pairings for disulfide bridges 
are numbered as 1, 2 and 3. d Structure based sequence alignment 
of AhAI with other α-AIs. The sequences are as follows, α-AIs from 
A_hypochondriacus: Amaranthus hypochondriacus (UniProtKB 
accession ID: P80403), E_coracana: Eleusine coracana (UniProtKB 
accession ID: P01087), Z_mays; Zea mays (UniProtKB accession 
ID: P01088), W_religiosa: Wrightia religiosa (UniProtKB acces-
sion ID: V5W9K8), A_cathartica: Allamanda cathartica (UniProtKB 
accession ID: U5JE23), T_aestivum: Triticum aestivum (UniProtKB 
accession ID: P01085) and Beta vulgaris α-amylase inhibitor (Gen-
Bank accession No. XP_010672947.1). The figure was created using 
ESPript 3 program
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crude α-amylases from adult T. castaneum and C. chinen-
sis larvae. However, crude α-amylases from T. castaneum 
larvae and C. chinensis adults showed moderate inhibi-
tion (48 and 43%, respectively). Interestingly, the activity 
of human salivary α-amylase and crude α-amylases from 
adults and larvae of H. armigera were remained unaffected 
by rAhAI. Moreover, human pancreatic α-amylase and fun-
gal α-amylase diastase showed moderate inhibition (38 and 
50%, respectively) whereas purified α-amylase from Bacil-
lus licheniformis showed only 15% inhibition by rAhAI. 
Potential of rAhAI to inhibit the amylolytic activity of 

recombinant lepidopteran and coleopteran α-amylases were 
also tested (Fig. 5c). Recombinant α-amylases from T. cas-
taneum (TcAmy) and C. chinensis (CcAmy) showed com-
plete inhibition while two recombinant α-amylases from 
H. armigera viz. HaAmy1and HaAmy2 showed complete 
resistance to inhibition even at a very high concentration of 
rAhAI (Fig. 5c).

Further, a concentration-dependent effect of rAhAI 
on growth and development of C. chinensis was evalu-
ated. The effect was measured at a concentration of 10 and 
25 µM of rAhAI and indicated as a means of relative adult 

Fig. 2   3′ UTR variation within 
AhAI transcripts from four spe-
cies of Amaranthaceae family. 
Nucleotide sequences of varied 
AhAI transcripts were aligned 
using ClustalW. Nucleotides A, 
T, G and C were colored in red, 
green, brick red and magenta 
respectively. A stop codon 
was boxed at the beginning of 
the alignment. Poly ‘A’ tailing 
signal was highlighted using the 
blue box. Asterisk ‘*’ indicates 
identical residues, Colon ‘:’ 
indicates conservation between 
groups and period ‘.’ indicates 
conservation between dissimilar 
groups



326	 Plant Mol Biol (2017) 94:319–332

1 3

emergence and average weight per emerged insect (Fig. 5d, 
e). Reduction in adult emergence was noted (40%) in 
rAhAI exposed insect as compared to the insect fed without 
inhibitor. Insect fed with 10 and 25 µM rAhAI showed rela-
tively similar adult emergence. Further, the average weight 
for the insects fed with inhibitor was slightly higher than 
insect fed on control grains (without inhibitor). A similar 
increase in weight was also evident for Leptinotarsa decem-
lineata, Psylliodes chrysocephala and Spodoptera littoralis 
when fed with plant protease inhibitors (De Leo et al. 1998; 
Girard et al. 1998; Cloutier et al. 2000).

Differential interaction might be responsible 
for concentration‑dependent inhibition of coleopteran 
α‑amylases

Inhibitory activity of rAhAI was evaluated against recom-
binant TcAmy and CcAmy using a concentration range 
from 0 to 0.4 nM. Recombinant TcAmy was completely 
inhibited at 0.15 nM of rAhAI while 0.4 nM was required 
to inhibit rCcAmy (Fig.  6). This concentration-depend-
ent differential inhibition of rAhAI against rTcAmy and 
rCcAmy was explained using molecular docking. An 
inhibitory loop of AhAI showed a similar conforma-
tional arrangement in the binding pockets of TcAmy and 
CcAmy except that Arg7 and Tyr28 made differential 
contacts with active site residues of both the enzymes 

Fig. 3   AhAI transcript abundance across different plants tissues from 
Amaranthaceae family. AhAI transcript abundance was analyzed in 
different plant tissues viz. young leaves (light green), mature leaves 
(dark green), young inflorescence (light pink) and mature inflores-
cence (dark pink) using qPCR. Transcript abundance was compared 
between four species of Amaranthaceae family viz. A. hypochon-
driacus, A. paniculatus, Celosia argentea and Achyranthes aspera. 
Absolute quantification was carried out using the standard curve 
method with EF1α as a reference gene. In statistical analysis, one-way 
ANOVA was performed followed by Tukey’s post hoc test. Statistical 
data is significant at P-value *** < 0.001 and ** < 0.01

Fig. 4   Sub-cellular localization of GFP in absence and presence of 
AhAI signal peptide visualized in agro-infiltrated tobacco epider-
mal cells. a Images of agro-infiltrated tobacco epidermal cells using 
constructs pRI101-AN: GFP (A1–A3), pRI101-AN:SP-GFP (B1–
B3) and only pRI101-AN (C1–C3) were taken at roughly 4 dpi. All 
images were taken in a single optical plane. Arrowhead points to 
the nucleus. The last panel shows merged images of bright and flu-

orescence fields. Scale represents 100  µm distance. Fluorescence in 
tobacco epidermal cells infiltrated with only GFP construct was seen 
mainly in nucleus and cytoplasm whereas for SP-GFP construct, it 
was mainly seen in apoplasts. b Detection of GFP protein (27 kDa) 
by western blot in apoplast and total cellular leaf extract devoid of 
apoplast. Recombinant GFP was used as a positive control in the last 
lane. ‘TE’ represents total cellular leaf extract of tobacco leaves
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(Fig.  6). In TcAmy, Arg7 alone made contact with two 
active site residues i.e. Asp187 and Glu224 and also with 
adjacent Tyr28 residue on the inhibitory loop. Tyr28 also 
formed hydrogen bond contact with TcAmy active site 
residue Asp187. In the case of CcAmy, Arg7 made a sin-
gle contact with active site residues Asp286 and also with 
adjacent Tyr28 residue on the inhibitory loop. Tyr28 also 
formed hydrogen bond contact with enzymes active site 
residue Glu221. In TcAmy, aa residues from inhibitory 
loops formed three hydrogen bonds with active site resi-
dues from enzymes which might be energetically more 
favourable than two hydrogen bonds as observed between 
AhAI and CcAmy.

Discussion

Insect pests are the major threat to the economically 
important crops as they cause severe economic losses. 
α-amylases of the insect pests through digestion of starch 
play a key role in overall energy assimilation and metabo-
lism. Plants, on the other hand, are equipped with various 
α-AIs to impede the growth of insect pests in order to miti-
gate the insect infestation. A 32 aa long proteinaceous α-AI 
from A. hypochondriacus was reported (Chagolla-Lopez 
et  al. 1994). We cloned the complete DNA sequence of 
AhAI, which had typical three cysteine residues and one di-
sulfide bond conserved within known α-AIs from eudicots 

Fig. 5   Inhibitory activity of rAhAI against various α-amylases. a 
Acquisition of accurate molecular weight of rAhAI from mass spec-
trometric measurements. Inset SDS-PAGE image shows rAhAI frac-
tion purified through Ni–NTA affinity column. b Inhibitory activity 
rAhAI against human salivary amylase (HSA), human pancreatic 
amylase (HPA), crude α-amylase from Helicoverpa armigera adults 
(Ha_Adult) and larvae (Ha_Larvae), crude α-amylase from Tribo-
lium castaneum adults (Tc_Adult) and larvae (Tc_Larvae), crude 
α-amylase from Callosobruchus chinensis adults (Cc_Adult) and 

larvae (Cc_Larvae), α-amylase from fungal source i.e. diastase and 
α-amylase from bacteria Bacillus licheniformis. c Inhibitory activity 
of rAhAI against recombinant α-amylases viz. H. armigera α-amylase 
1 and 2 (HaAmy1 and HaAmy2), T. castaneum α-amylase (TcAmy) 
and C. chinensis α-amylase (CcAmy). d and e. Effect of different con-
centrations of rAhAI on C. chinensis growth and development. One-
way ANOVA was performed followed by Tukey’s post hoc test. Sta-
tistical data is significant at P-value * < 0.005
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and monocots (Chagolla-Lopez et al. 1994; Lu et al. 1999; 
Franco et  al. 2002). Identical genomic and ORFs were 
characterized from four members of Amaranthaceae family 
having 26 aa signal peptide and 75 aa pro-peptide. How-
ever, 32 aa peptide alone shown to have inhibitory activ-
ity (Chagolla-Lopez et  al. 1994; Lu et  al. 1999). α-AI 
transcripts were differentially expressed in various plant 
tissues with the highest abundance in flowers. Fluorescent 
tag based sub-cellular localization revealed the role of 
AhAI signal peptide in extracellular secretion. Full-length 
75 aa rAhAI revealed a wide range of inhibition against 
α-amylases. In  vitro and in  vivo studies suggested that 
rAhAI was efficient in inhibiting the amylolytic activity of 
two coleopteran insects. Further, insect feeding assays on 
mung bean seeds showed the potential of rAhAI in limit-
ing overall development and adult emergence in the case of 
C. chinensis. On the other hand, rAhAI failed to inhibit H. 
armigera α-amylases as well as human salivary α-amylase.

When compared with other α-AIs from monocots and 
dicots, AhAI showed conserved α-helix and disulfide bond 
that are necessary to retain knottin fold and hence inhibi-
tory activity. Native pre-protein consisted of the signal pep-
tide and unprocessed protein (AhAI) which is a pro-form of 
previously reported 32 aa mature peptide. Proteolytic mat-
uration was reported for many types of proteins including 
peptide hormones, digestive enzymes and coagulation pro-
teins. Before entering to the vacuoles, many plant vacuolar 
proteins were processed to their C-terminal of Aspargine 

moiety by Asn-specific proteases (Hara-Nishimura et  al. 
1991). Similar activation of mature α-AI peptide from its 
pro-protein form towards carboxyl end of Asn was reported 
for Phaseolus vulgaris α-AI (Pueyo et  al. 1993). Another 
related P. vulgaris α-AI (α-AI-2) was processed at particu-
lar Asn site to release α and β subunits which were assem-
bled into its active heterodimer form. Such processing of 
pro-protein was predicted to remove conformational con-
straint and to produce a biochemically active form of the 
inhibitor (Pueyo et al. 1993; Nakaguchi et al. 1997). With 
respect to AhAI inhibitor, the similar Asn69 site was pre-
sent at N’-terminus of the mature peptide. Processing of 
AhAI into 32 aa mature form was evident as only mature 
peptide was known to be derived in abundant quantity from 
A. hypochondriacus seeds (Chagolla-Lopez et al. 1994; Lu 
et al. 1999; Martins et al. 2001). Further, we found rAhAI 
containing 75 aa was biochemically active with contrast to 
the earlier prediction of the need for processing of pro-pro-
tein to become an active inhibitor of 32 aa. The sequence 
similarity and motif search for uncharacterized 43 aa pep-
tide revealed that motifs present on this peptide are iden-
tical with those on proteins involved in sensing biological 
stress. Thus, this uncharacterized 43 aa peptide might be 
involved as stress sensor. As Asn specific pro-protein pro-
cessing pathway is evolutionary active in A. hypochon-
driacus seeds, the presence of active α-AI protein (75 aa 
AhAI) suggested an additional advantage to the inhibitory 
function.

Fig. 6   Inhibitory potential of 
rAhAI against recombinant T. 
castaneum and C. chinensis 
α-amylases. 0.02–0.15 nM and 
0.04–0.4 nM of rAhAI was 
tested for inhibitory activity 
against T. castaneum α-amylase 
(TcAmy) and C. chinensis 
α-amylase (CcAmy), respec-
tively. Insight molecular dock-
ing figures highlight molecular 
interactions of rAhAI against 
both the α-amylases
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α-AIs with small variations in their primary structure 
exist in a few plants and their related species. For exam-
ple, monomeric α-AIs with few nucleotide variations were 
present in wheat and aegilops which were thought to be 
evolved from common ancestral gene through duplica-
tion and mutation (Wang et  al. 2008). Similarly, a higher 
diversity of α-AIs was present in wild accessions than cul-
tivated accessions of common bean (Ishimoto et al. 1995). 
Hi-lysine barley mutants also showed higher accumulation 
of mRNA of BASI in seeds (Leah and Mundy 1989). Inter-
estingly, in the present study, AhAI transcripts with identi-
cal ORF were observed in one cultivated and two wild rela-
tives of A. hypochondriacus viz. A. paniculatus, A. aspera 
and C. argentea, respectively. Variation in expression of 
AhAI transcripts was observed across different tissues of 
the above-mentioned plants. In A. hypochondriacus, high-
est AhAI expression was observed in mature inflorescence 
which is an essential part for reproduction and requires 
more protection from insect attack before seeds mature. A 
similar variation of expression in α-AIs was also observed 
in wheat and its close relatives (Zoccatelli et  al. 2012). 
Although for most wheat and barley α-AIs genes are 
expressed only during seed development and remained at 
an undetectable level in other plant tissues (Sanchez et al. 
1994; Altenbach et al. 2011).

Variation in 3′UTR region is known to be responsible for 
regulation of translation of a particular transcript. We have 
sequenced various AhAI transcripts from A. hypochon-
driacus and related species to identify such variation only 
in 3′UTR region. 3′UTR regions of plant viral RNAs and 
mammalian RNAs have been studied extensively. However, 
3′UTR region in plants has not been studied thoroughly for 
its regulatory role under different conditions as very few 
examples exist. For example, 3′ UTR region of invertase 
gene in maize was studied for its involvement in sensing 
carbon starvation (Cheng et al. 1999). In sweet cherry also, 
3′UTR sequences were used as SNP and haplotype markers 
to improve plant genomic resources (Koepke et al. 2012). 
Further, polyadenylation sites in 3′UTR region were experi-
mentally determined in plants by high-throughput sequenc-
ing which has revealed the great potential for regulation of 
plant gene expression (Ma et al. 2014). In the present study, 
we have identified conserved single polyadenylation site in 
3′ UTR region of AhAI transcripts from all the four Ama-
ranthaceae members. However, no other regulatory sites 
or secondary structure variations were observed on AhAI 
3′UTR region and the molecular basis for polymorphism in 
3′UTR remains unknown.

Analysis of AhAI transcript abundance in different plant 
tissues of A. hypochondriacus and related species indi-
cated negligible expression of AhAI transcripts in mature 
seeds in spite of the fact that mature inhibitor peptide was 
reported abundantly from mature A. hypochondriacus seeds 

(Chagolla-Lopez et al. 1994). We hypothesize that protein 
produced in other parts of the plant was being transported 
to seeds. The appropriate signal sequence is required for 
effective transport of mature α-AI to seeds. Signal peptide 
composition in AhAI pre-protein showed charged N-termi-
nal, central hydrophobic and polar C-terminal region which 
was in well accordance with other known eukaryotic sig-
nal peptides (Heijne 1985; Heijne and Abrahmsen 1989). 
Additionally, we clearly demonstrated the role of this sig-
nal peptide in an extracellular transport of attached protein 
in vivo. To our knowledge, this is the first report of in vivo 
functional characterization of the signal peptide from plant 
α-AI.

To become an effective α-AI, it should be able to inhibit 
α-amylases from a wide range of sources with minimal 
concentration and high specificity. In the present study, 
the potential of rAhAI to inhibit α-amylases from differ-
ent sources showed distinct inhibition pattern. rAhAI indi-
cated more specificity towards coleopteran α-amylases than 
lepidopteran, fungal, bacterial and mammalian α-amylases. 
Moderate inhibition was observed in the case of fungal and 
bacterial α-amylases. A similar differential inhibition with 
respect to insect and mammalian α-amylases was observed 
for rye α-AI (Lulek et al. 2000). Also, rAhAI had moder-
ate inhibitory activity against human pancreatic α-amylase 
and was unable to inhibit human salivary α-amylase as well 
as α-amylases from H. armigera. Similar differential spe-
cificities were observed in interactions of wheat α-AI with 
human salivary and pancreatic α-amylase (O’connor and 
McGeeney 1981). Moreover, the variable inhibitory poten-
tial of common bean α-amylases was observed against 
coleopteran, hymenopteran and dipteran α-amylases (Kluh 
et  al. 2005). Analogous interactions between enzyme-
inhibitor complexes of bean α-AI with mammalian and T. 
molitor α-amylase (TMA) revealed deviations in the inter-
acting inhibitory loop (Nahoum et al. 1999). Further, very 
low concentrations (nanomolar) of rAhAI were required 
for complete inhibition of T. castaneum and C. chinensis 
α-amylases. CcAmy required a relatively higher quantity of 
rAhAI than TcAmy for complete inhibition of amylolytic 
activity.

Molecular docking studies highlighted differential 
hydrogen bonding between active site residues of enzyme 
and Arg7 and Tyr28 residues of the inhibitory loop. AhAI 
upon binding with α-amylases adopted more compact con-
formation with increased intramolecular hydrogen bonding 
(Carugo et al. 2001; Micheelsen et al. 2008). Similar bond-
ing was observed between Arg7 and Tyr28 of AhAI inhibi-
tory loop after interactions with TcAmy and CcAmy. These 
interactions stabilized AhAI inhibitory loop over the active 
sites of the target α-amylases (Martins et al. 2001). Interac-
tion of TMA with AhAI revealed that inhibitor bound to 
the active site groove of the enzyme by blocking substrate 
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entry site and central four sugar-binding sub-sites (Pereira 
et al. 1999). Arginine and tyrosine residues residing in the 
inhibitory loop of other α-AIs were imperative for these 
molecular interactions (Abe et al. 1993; Mirkov et al. 1995; 
Rodenburg et  al. 1995). We identified analogous AhAI 
residues interacting with active site residues of TcAmy and 
CcAmy with the difference in their hydrogen bonding pat-
tern. This could demonstrate the molecular basis for the 
concentration-dependent inhibition of AhAI to completely 
deactivate above coleopteran α-amylases.

Until now, the effectiveness of 32 aa α-AI in control-
ling insect pests growth and development has been stud-
ied by in vitro interactions of AhAI with purified insect 
digestive α-amylases. AhAI was found to be effective in 
inhibiting the amylolytic activity of α-amylases from a 
lepidopteran pest, Tecia solanivora (Valencia-Jimenez 
et  al. 2008). Another report highlighted the potential of 
α-AI in inhibiting the amylolytic activity of α-amylases 
from coleopteran pests viz. T. castaneum and Pros-
tephanus truncates (Chagolla-Lopez et  al. 1994). How-
ever, this is the first report showing the effectiveness of 
75 aa AhAI in mitigating growth and development of C. 
chinensis- a coleopteran pest by incorporating the inhibi-
tor into the insect diet. Besides AhAI, various other α-AIs 
were expressed in host plants of insect pests and the 
efficacy was tested by performing insect feeding assays 
(Morton et  al. 2000; De; Sousa-Majer et  al. 2007; Bar-
bosa et al. 2010; Luthi et al. 2013). In the present study, 
detailed genomic and functional analysis of AhAI sug-
gested its potential in mitigating insect infestation. Gen-
erating transgenic plants expressing rAhAI would be the 
next step to evaluate the efficacy of the AhAI as an inhib-
itor in environment-friendly pest management efforts.
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