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Abstract
Background  Chalcone isomerase (CHI; EC 5.5.1.6) is one of the key enzymes in the flavonoid biosynthetic pathway that is 
responsible for the intramolecular cyclization of chalcones into specific 2S-flavanones.
Methods and results  In this study, the open reading frame (ORF) of CHI was successfully isolated from the cDNA of Polygo-
num minus at 711-bp long, encoding for 236 amino acid residues, with a predicted molecular weight of 25.4 kDa. Multiple 
sequence alignment and phylogenetic analysis revealed that the conserved residues (Thr50, Tyr108, Asn115, and Ser192) in 
the cleft of CHI enzyme group active site are present in PmCHI protein sequence and classified as type I. PmCHI comprises 
more hydrophobic residues without a signal peptide and transmembrane helices. The three-dimensional (3D) structure of 
PmCHI predicted through homology modeling was validated by Ramachandran plot and Verify3D, with values within the 
acceptable range of a good model. PmCHI was cloned into pET-28b(+) plasmid, expressed in Escherichia coli BL21(DE3) 
at 16 °C and partially purified.
Conclusion  These findings contribute to a deeper understanding of the PmCHI protein and its potential for further charac-
terization of its functional properties in the flavonoid biosynthetic pathway.
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Introduction

Flavonoids are natural pigments mainly found in plants and 
these secondary metabolites are mostly derived via the phe-
nylpropanoid pathway [1]. Flavonoids have various roles in 
plants, such as defense against microbial infection, ultra-
violet radiation, and as activators of nodulation in plants 
[1–3]. Besides, flavonoids have the potentials as antiviral, 
anti-obesity, antioxidants, and anti-diabetics to be capital-
ized for the health and pharmaceutical industries [4, 5].

The biosynthetic pathway of flavonoids whereby fla-
vanones such as naringenin (a universal precursor) is pro-
duced in plants involving several enzymes. Phenylalanine-
ammonia lyase (PAL; EC 4.3.1.5), converts the starting 
precursor (phenylalanine) into cinnamic acid, which is oxi-
dized by cinnamate-4-hydroxylase (C4H; EC 1.14.14.91) 
into 4-coumaric acid. This coumaric acid precursor is then 
converted into 4-coumaroyl-CoA by the action of 4-cou-
maroyl-CoA ligase (4CL; EC 6.2.1.12). Naringenin chalcone 
was then synthesized through the condensation reaction of 
malonyl-CoA and 4-coumaroyl-CoA, catalyzed by chalcone 

 *	 Suriana Sabri 
	 suriana@upm.edu.my

1	 Enzyme and Microbial Technology Research Centre, Faculty 
of Biotechnology and Biomolecular Sciences, Universiti 
Putra Malaysia, 43400 Serdang, Malaysia

2	 Department of Microbiology, Faculty of Biotechnology 
and Biomolecular Sciences, Universiti Putra Malaysia, 
43400 Serdang, Malaysia

3	 Institute of Systems Biology (INBIOSIS), Universiti 
Kebangsaan Malaysia, 43600 Bangi, Selangor, Malaysia

4	 Department of Cell and Molecular Biology, Faculty 
of Biotechnology and Biomolecular Sciences, Universiti 
Putra Malaysia, 43400 Serdang, Malaysia

5	 Department of Biochemistry, Faculty of Biotechnology 
and Biomolecular Sciences, Universiti Putra Malaysia, 
43400 Serdang, Malaysia

http://crossmark.crossref.org/dialog/?doi=10.1007/s11033-023-08417-1&domain=pdf
http://orcid.org/0000-0003-4027-5730


	 Molecular Biology Reports

1 3

synthase (CHS; EC 2.3.1.74). The chalcone is then isomer-
ized into 2S-naringenin via the enzymatic reaction of chal-
cone isomerase (CHI; EC 5.5.1.6) or nonenzymatically in 
an alkaline condition [6].

Polygonum minus (syn. Persicaria minor) is a member 
of the Polygonaceae family, commonly used in Southeast-
Asian countries as one of the major ingredients in vari-
ous delicacies. This plant has also been used in traditional 
remedies against digestive and dandruff problems [7]. The 
antioxidant properties of this plant are contributed from its 
high polyphenol, vitamin C, and β-carotene contents [7]. Its 
pungent aroma is mainly attributed to its unique blend of 
terpenes [8], which are induced by stress elicitors such as 
methyl jasmonate [9]. Flavonoids are another major com-
pounds present in P. minus, in which the total flavonoid 
content was affected by different temperatures and popu-
lations [10, 11, 12]. The recent transcriptome analysis of 
P. minus reveals the genes involved in the phenylpropanoid 
and flavonoid pathways [13, 14]. Following the success of 
identified chalcone synthase (CHS) [14], a continuing study 
on the isolation of chalcone isomerase (CHI) is necessary to 
engineer microbial hosts for the biotechnological production 
of flavonoids [6, 15].

Chalcone isomerase (CHI; EC 5.5.1.6) is one of the 
actively studied enzymes crucial for the formation of flavo-
noids. To date, many researchers have successfully isolated 
and analyzed the chalcone isomerase genes from various 
plant species, such as Ipomoea batatas, Carthamus tincto-
rius L., and Medicago sativa [15–18]. There is no study 
on the chalcone isomerase enzyme from P. minus, hence 
this study was conducted for its identification and isolation. 
Protein structure prediction through homology modeling 
and heterologous expression of this enzyme in a prokary-
otic host Escherichia coli (E. coli) were also performed. 
Physicochemical properties prediction on this enzyme and 
the generation of a three-dimensional (3D) model provide 
functional insights on this enzyme. Additionally, the recom-
binant expression of CHI demonstrated its potential to be 
incorporated into an engineered phenylpropanoid pathway.

Materials and methods

Bacterial strains and construction of recombinant 
plasmids

Escherichia coli TOP10 (Thermo Fisher Scientific, USA), 
competent E. coli BL21(DE3) (Transgen Biotech, China), 
and E. coli Trans1-T1 (Transgen Biotech, China) cells were 
purchased for use in gene cloning and protein expression. 
E. coli TOP10 competent cells were prepared according to 
[18]. Codon-optimization, gene synthesis, and cloning of 
CHI gene into pET-28b(+) plasmid were done by GenScript 

(China). The transformation of recombinant plasmids into 
E. coli was conducted via heat-shock method.

PCR amplification of CHI from Polygonum minus

The amplification of putative open reading frame (ORF) of 
CHI gene from P. minus was performed through the poly-
merase chain reaction (PCR) in a 50 µL reaction compris-
ing EconoTaq® PLUS GREEN 2X Master Mix (Lucigen, 
USA), sterile distilled water, 0.5 µg cDNA from P. minus, 
and 0.5 µM of each primer (CHI-ORF Forward: 5′-ATG​GCA​
TCA​CCG​CAT​GCC​GT-3′ and CHI-ORF Reverse: 5′-TCA​
TGC​CTT​GAT​CTC​CAC​AC-3′). Thermocycler conditions 
were set accordingly: one cycle of initial denaturation at 
94 °C for 2 min, followed by denaturation at 94 °C for 30 s, 
annealing at 53 °C for 30 s, and extension at 72 °C for 1 min. 
The process was repeated for 30 cycles and ended with one 
cycle of final extension at 72 °C for 7 min.

Confirmation of amplified full CHI ORF from P. minus

The amplified CHI fragment from P. minus was cloned into 
pEASY-T5-Zero plasmid (Transgen Biotech, China) and 
subsequently transformed into E. coli Trans1-T1 (Transgen 
Biotech, China). Bacterial clones harboring recombinant 
plasmid were identified through colony PCR. Then, extrac-
tion of plasmids was carried out from these colonies, and 
nucleotide sequencing was done to analyze the amplified 
CHI sequence.

Bioinformatics analysis of amplified PmCHI

The CHI protein sequence was subjected for analysis 
through protein BLAST (BLASTP) using the NCBI server 
(https://​blast.​ncbi.​nlm.​nih.​gov/​Blast.​cgi?​PAGE=​Prote​ins) 
and by multiple sequence alignment using Clustal Omega 
(https://​www.​ebi.​ac.​uk/​Tools/​msa/​clust​alo/) against CHI 
sequences from various plants. The phylogenetic relation-
ship of PmCHI with other identified CHIs was also inves-
tigated by using the Neighbor-Joining method available in 
the MEGA7 software [19]. The predicted protein molecular 
weight (MW), theoretical isoelectric point (pI), amino acid, 
and atomic composition, instability index, and its Grand 
Average Hydropathicity (GRAVY) value were analyzed 
using ProtParam tool on the Expasy website (https://​web.​
expasy.​org/​protp​aram/) [17].

The presence of signal peptide and transmembrane heli-
ces were predicted by SignalP V4.1 (http://​www.​cbs.​dtu.​dk/​
servi​ces/​Signa​lP-4.​1/) [20], and TMHMM Server 2.0 (http://​
www.​cbs.​dtu.​dk/​servi​ces/​TMHMM/) [21], respectively. Pre-
diction of subcellular localization of the protein sequence 
was done using TargetP-2.0 (http://​www.​cbs.​dtu.​dk/​servi​
ces/​Targe​tP/) [22], CELLO2GO (http://​cello.​life.​nctu.​edu.​

https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins
https://www.ebi.ac.uk/Tools/msa/clustalo/
https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
http://www.cbs.dtu.dk/services/SignalP-4.1/
http://www.cbs.dtu.dk/services/SignalP-4.1/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TMHMM/
http://www.cbs.dtu.dk/services/TargetP/
http://www.cbs.dtu.dk/services/TargetP/
http://cello.life.nctu.edu.tw/cello2go/
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tw/​cello​2go/) [23], and WoLFPSORT (https://​wolfp​sort.​hgc.​
jp/) [24].

Three‑dimensional (3D) structure prediction 
through homology modeling

YASARA program [25] was used to generate a three-dimen-
sional (3D) structure of PmCHI by using homology mod-
eling, where a model with the best scoring (based on this 
program) was later selected. Validation of the generated 3D 
protein model was carried out using ERRAT [26], Verify3D, 
and PROCHECK [27] from PDBSum for the generation of 
a Ramachandran plot [28].

Expression of recombinant CHI from P. minus in E. 
coli

A single colony of recombinant E. coli BL21(DE3) harbor-
ing pET-28b(+)/coCHI was grown in 5 mL of Luria–Bertani 
(LB) medium supplemented with kanamycin (50 µg/mL) 
at 37 °C and 200 rpm. The overnight culture was used to 
inoculate 50 mL of LB medium supplemented with kanamy-
cin (50 µg/mL) at 37 °C, with shaking until OD600 reaches 
0.6. Then, isopropyl-β-d-thiogalactopyranoside (IPTG) was 
added to a final concentration of 0.55 mM for induction [29]. 
The cells were later incubated separately at three different 
temperatures (16 °C, 20 °C, and 25 °C) for 16 h, and subse-
quently harvested by centrifugation at 10,000×g for 10 min 
at 4 °C. The pellets were dissolved in 100 mM phosphate 
buffer (pH 7.0) and the suspended cells were lysed by soni-
cation with an amplitude of 45% and a pulse time of 30 s 
for 5 min [30].

The disrupted cells were then centrifuged at 10,000×g 
for 10 min at 4 °C. The supernatants and pellets collected 
were analyzed using SDS–PAGE [31]. Western blot analysis 
for the confirmation of recombinant PmCHI protein expres-
sion was performed according to the protocol by [32], with 
several modifications based on the blotting kit (Novagen, 
Germany). The expressed His-tagged recombinant CHI 
protein was later partially purified by using Ni-Sepharose 
FF column (Sigma Aldrich, Germany) through gravity-flow 
purification and analyzed using SDS–PAGE.

Results

Protein sequence analysis of CHI amplified 
from Polygonum minus

The open reading frame (ORF) of CHI from P. minus con-
sists of 711 bp nucleotides encoding for 236 amino acids, 
with the predicted molecular weight (MW) of 25.4 kDa, 
and a theoretical isoelectric point (pI) of 5.56. From the 

BLASTP analysis performed on the amino acid sequence 
of PmCHI, this sequence showed identity similarities to a 
few other CHI sequences from different species, such as 
Fagopyrum esculentum [ADT63063], Fagopyrum dibotrys 
[AHH84790], Morus notabilis [AHY35310], Gossypium 
hirsutum [NP_001314370], Prunus avium [AJO67964], and 
Pyrus pyrifolia [ADP09377] at 80.93%, 79.03%, 64.95%, 
62.16%, 63.45%, and 63.68%, respectively. There are 
four conserved amino acid residues (Thr50, Tyr108, Asn 
115, and Ser192) crucial for the catalytic function of CHI 
enzymes [16, 32], which are found in PmCHI and other 
plants (Fig. 1). In addition, several other amino acid residues 
found in the active site cleft of this enzyme isolated from 
Medicago sativa [16] and CHI proteins from liverwort and 
Selaginella moellendorffi are also present in PmCHI (Arg38, 
Gly39, Leu40, Phe49, Ile52, Lys111, Val112, Asn115, and 
Ile193). The identified ORF of PmCHI was submitted to 
GenBank with the accession number MN193938.

Phylogenetic analysis of PmCHI

PmCHI was observed to be clustered in a larger group con-
sisting of CHI sequences from other non-legumes (Type 
I CHI), such as Arabidopsis thaliana, Hordeum vulgare, 
Ipomoea batatas, and Zea mays, whilst leguminous (Type 
II) CHI sequences [33, 34] from Medicago sativa, Glycine 
max, Pisum sativum, and Glycyrrhiza uralensis were clus-
tered together into a distinct group in the phylogenetic tree 
(Fig. 2). Hence, PmCHI that clustered with non-legumes was 
identified to be a Type I CHI.

Amino acid, atomic composition, hydropathicity, 
and instability index of PmCHI

Based on the analysis from ProtParam, the 236 residues con-
structing CHI are from 20 essential amino acids, from which 
29 residues are negatively charged (Asp + Glu), and 25 of 
them are positively charged (Arg + Lys) at a neutral pH. The 
amino acid composition analysis of PmCHI further revealed 
that there are 57 charged residues (24.15% of the total amino 
acid residues), 137 hydrophobic residues (58.05%), and 42 
uncharged polar residues (17.80%). From this analysis, it 
was shown that PmCHI is identified to have more hydropho-
bic than hydrophilic residues.

Besides, PmCHI comprised of 3604 atoms, made up of 
carbon (1155), hydrogen (1810), nitrogen (294), oxygen 
(338), and sulfur (7), and this protein is represented in the 
chemical formula of C1155H1810N294O338S7. The GRAVY 
value of CHI protein from P. minus was calculated at 
− 0.030, indicating that PmCHI is a hydrophilic protein. 
Furthermore, PmCHI was identified as an unstable protein 
as its instability index was observed to be at 40.61.

http://cello.life.nctu.edu.tw/cello2go/
https://wolfpsort.hgc.jp/
https://wolfpsort.hgc.jp/
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Prediction of signal peptide, subcellular 
localization, and transmembrane helices

There is no signal peptide cleavage site predicted in PmCHI 
as the C-, S- and Y-scores were calculated at 0.109, 0.155, 
and 0.120, respectively. Meanwhile, TargetP-2.0 server 
suggested that PmCHI is not located in the chloroplast (or 
other plastids), mitochondria, or the secretory pathway. The 
highest score obtained at 0.992 for other locations when 
compared to that of chloroplast transfer peptide, mitochon-
drial transfer peptide, signal peptide, and thylakoid luminal 
transfer peptide (0.0072, 0.0001, 0.0005, and 0.0002, respec-
tively). On the other hand, CELLO2GO results calculated 
scores in which PmCHI was predicted to be in the cytoplasm 

or chloroplast (with scores of 1.944 and 1.418, respectively), 
with expected isomerase activity. Lastly, WolfPSORT analy-
sis showed the identity percentages of 14 nearest neighbors 
of PmCHI, where the highest percentages were observed at 
15.1% [cytoplasmic protein cysteine synthase; UniProtKB 
ID: Q00834] and 16.1% [thioredoxin protein from A. thali-
ana; At5g39950.1]. In addition, PmCHI is observed to lack 
any transmembrane helices in its structure based on the out-
put information from TMHMM server [21].

P.minus           MASPHAVSPIPIEDFVFPPSVRPPATDKPFFLGGAGIRGLVIEGKFISFTAIGIYFDEGA 60
F.dibotrys        MASSITVSSIAIEDFVFPPSVRPPATDKSFFLGGAGVRGLTINGTFISFTAIGIYFEETA 60
F.esculentum      MASLITVSSIAIEDFVFPPSVRPPATEKSFFLGGAGVRGLTIQGTFISFTAIGIYFEETA 60
G.hirsutum        MSTSLSVTELQVENFTFPPTVKPPGSTKTLFLGGAGERGLEIQGKFIKFTAIGVYLEDSA 60
M.notabilis       -MALTTVAGVQVEIATFPPAATPPGSDKTLFLGGAGARGLEIQGKFVKFTTIGVYLEDNA 59
P.avium           MAALPNLTGLQIEATSFPPSVKPPGSANTLFLGGAGVRGLEIQGNFVKFTAIGVYLEEKA 60
P.pyrifolia       MAPTPSLAGLQIETTTFPPSVKPPGSSNTLFLGGAGVRGLEIRGNFVKFTAIGVYLEDNA 60
                        :: : :*   ***:. **.: : :****** *** *.*.*:.**:**:*::: *

P.minus           VASLSGKWKGKSATELAESVEFFREIVTGPFEKFIQITMLKPLTGPMYSEKVAENCTAIW 120
F.dibotrys        VASLADKWKGKSATELTESVEFFRDVVTGQFEKFIQITMLKPLTGAQYSEKVSENCVAIW 120
F.esculentum      VASLADKWKGKSATELAESVEFFRDVVTGQFEKFIQISMLKPLTGAQYSEKVSENCVAIW 120
G.hirsutum        VNCLGVKWKGKSAVELTESVEFFRDVVTGDFEKFIRVTMILPLTGQQYSEKVSENCVAIW 120
M.notabilis       VKWLAGKWKGKSVEELTESVEFFRDIVTGPFEKFTRVTMILPLTGPQYSEKVSENCVAIW 119
P.avium           VPLLAVKWKGKTAQELTESVEFFREIVTGPFEKFTQVTTILPLTGQQYSEKVSENCVAIW 120
P.pyrifolia       VPQLAVKWKGKTAEELTESVEFFRDIVTGPFEKFIQVTTILPLTGQQYSEKVSENCVAFW 120
                  *  *. *****:. **:*******::*** **** ::: : ****  *****:***.*:*

P.minus           KALGIYTEAEEKAIEKFMEIFKDQNFPPGSSIMFKQCPPRSLRIAFGKHDAVPEADVAVI 180
F.dibotrys        KAIGIYSEAEEKAIEKFTEIFKEQNFPPGTSILFKQCAPKSLRIAFGKHDAIPEADVAVI 180
F.esculentum      KAIGIYSEADEKAIEKFTEIFKEQNFPPGTSILFKQCAPKSLRIAFGKHDAIPEADVAVI 180
G.hirsutum        KSLGIYTDAEAKAIEKFIEVFKDENFPPGSSILFTISGQGSLTIGFSKDSSVPEGGKVVI 180
M.notabilis       KTLGIYTDAEEKAIEKFIEVFKDQNFPPGSSILFTQSPTGSLKISFSKDESIPEKENVVI 179
P.avium           KSIGIYTDAEAKAIEKFLEVFKDQNFPPGASILFTQSPKGSLTISFSKDASVPEAGNAVI 180
P.pyrifolia       KSVGIYTDAEGKAIEKFLEVFKDQNFPPGASILFTQSPKGSLTISFSRDASVPEAANAVI 180
                  *::***::*: ****** *:**::*****:**:*. .   ** *.*.:. ::**   .**

P.minus           ENGPLSQSVLESIIGKNGVSPAARESVAARLHELLNTSKASNGEAETKANGVEIKA---- 236
F.dibotrys        ENGPLSQSVLESIIGKNGVSPAAKESLAVRLHELLNPAKVANGEAEA---------ETKV 231
F.esculentum      ENGPLSQSVLESIIGKNGVSPAARESLAVRLHELLNPTKVANGEAEIKVANGEAKAETKV 240
G.hirsutum        ENKLLANSVLESVIGKNGVSPAAKESLASRLSPLFNDCGADSEKPQS------------- 227
M.notabilis       ENKLLSEAVLESIIGKLGVSPAAKQSIASRLAELLKETKD-------------------- 219
P.avium           ENKLLSEAVLESIIGKHGVSPGARQSVAARLSELLKYSCH---NEAGNG---------KL 228
P.pyrifolia       ENKLLSEAVLESIVGKHGVSPAAKQSLAARLSELLNGCKESNGAEAGNE---------KV 231
                  **  *:::****::** ****.*::*:* **  *::                        

P.minus           ------------------ 236
F.dibotrys        ANGEAEAVTKENGVEIKE 249
F.esculentum      ANGK--AETKENGVEIKE 256
G.hirsutum        ------------------ 227
M.notabilis       ------------------ 219
P.avium           EIGN-------PGVEEK- 238
P.pyrifolia       EA---------------- 233

Fig. 1   Multiple sequence alignment of PmCHI with CHI sequences 
from other plants. Cyan and yellow highlighted residues are present 
in the active site cleft of functional CHI, with the yellow residues 
being the active site residues conserved in most of the plant CHI 

sequences. Symbols (*) denote the highly conserved residues, (:) the 
conserved residues, and (.) the less conserved residues. (Color figure 
online)
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Fig. 2   Evolutionary relation-
ships of various CHI genes 
based on deduced amino acid 
sequences. The evolutionary 
history was inferred using the 
Neighbor-Joining method. The 
analysis involved 23 sequences 
and the phylogenetic analysis 
was conducted in MEGA7 [19]. 
PmCHI is identified to be a 
Type I CHI

Fig. 3   Secondary structure of PmCHI. This protein consists of eight α-helices, three β-sheets, seven β-hairpins, five β-bulges, 11 strands, 11 
helix–helix interactions, 13-β turns, and 2-γ turns
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Secondary structure analysis of PmCHI

From the analysis output, it was observed that the composi-
tion of the secondary structure without ligand of PmCHI 
protein comprises 236 amino acid residues with 8 helices, 3 
sheets, 7 β-hairpins, 5 β-bulges, 11 strands, 11 helix–helix 
interactions, 13-β turns, and 2-γ turns as seen in Fig. 3.

The three beta-sheets were labeled as β-A, β-B, and β-C, 
with all the sheets stabilized by hydrogen bonds, and are 
shown to be in the antiparallel direction. The beta-sheets 
are made up of 11-β strands in this predicted protein model. 
β-A sheet consisted of strands with residues starting from 
Ile10–Ile12 and Phe15–Phe17. Majority of the strands are 
located in the β-B sheet, with seven strands in total including 
residues Ser20-Val21, Phe30-Ile42, Lys45-Asp57, Lys93-
Met99, Ser151-Gln156, Leu162-Gly167 and Ala178-Ile180, 
and the final two β-strands (starting from residues Leu103-
Thr104 and Asn145-Phe146) were responsible for the for-
mation of the final beta-sheet (β-C) in the generated second-
ary structure of CHI protein. On the contrary, in the PmCHI 
secondary structure, there are eight helices observed, all 
belonging to the α-helix type. The longest helix comprises 
21 residues starting from residues Pro201-Ser221, and the 
shortest helix was made up of 4 residues (Thr227-Asn230).

Homology modeling of PmCHI

Homology modeling was used in predicting the three-dimen-
sional (3D) structure of chalcone isomerase protein from 
P. minus. Sequence identity of the query protein (PmCHI) 
and the template protein sequence (PDB ID: 5YX4) was 
calculated to be at 52.4%, and the protein template used 
was a successfully crystallized CHI protein from Des-
champsia antartica Desv. (mutated at Ser189) complexed 
with isoliquiritigenin substrate [34]. The reasoning behind 
in using isoliquiritigenin rather than naringenin chalcone 
is that based on the study conducted by [34], which shows 
the DaCHI protein can utilize both naringenin chalcone and 
isoliquiritigenin, albeit at a low catalytic activity. The pre-
dicted PmCHI protein model based on this template (Fig. 4) 
had the best Z-score of 0.072 compared to other templates.

Active site residues including Arg38 (Arg36), Thr50 
(Thr48), Tyr108 (Tyr106), Asn115 (Asn113), and Ser192 
(Thr190) were found to be conserved in this PmCHI protein 
structure (residues in parentheses referring to residues pre-
sent in MsCHI) [16]. These conserved residues are located 
between strands β4 to β5 and helices α4 and α6 (Fig. 4).

Fig. 4   The 3D structure of PmCHI predicted through YASARA. 
There are 11 β-strands and eight α-helices in the structure. N- and 
C-terminals of this protein are in proximity in this model. The larger 

box indicates the suggested active site residues in the catalytic mech-
anism of PmCHI, which are Arg38, Thr50, Tyr108, Asn115, and 
Ser192
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Verification of predicted PmCHI protein structure

From the Ramachandran plot (Fig. 5), it was observed that 
93.9% of the residues resided were in the most favored 
regions, followed by 5.6% and 0.5% (a single Glu43 residue) 
in the additional and generously allowed regions, respec-
tively (excluding the glycine and proline residues).

From Verify3D analysis, 93.22% of the residues have an 
averaged 3D–1D score ≥ 0.2 (Supplementary File: Fig. S1). 
There are 16 amino acid residues observed from the plot 
that scored below 0.2 (of the averaged 3D–1D score), and 
the lowest and highest values recorded at 0.10 and 0.69, 
respectively. Meanwhile, the ERRAT analysis showed that 
the predicted 3D PmCHI protein model comprised of several 
residues (residues 6, 7, 8, 13, 15, 20, 22, 23, 24, 25, 26, 27, 
and 149) with error confidence percentages of above 95% 

and the overall quality factor of this model was calculated 
at 94.12% (Supplementary File: Fig. S2).

Expression of chalcone isomerase in E. coli 
BL21(DE3), Western blot analysis, and partial 
purification of PmCHI protein

The expression of recombinant chalcone isomerase from P. 
minus in E. coli after IPTG induction at 0.55 mM for 16 h at 
three different temperatures setting (16 °C, 20 °C, and 25 °C) 
were subsequently analyzed by using SDS–PAGE. The 
enzyme was expressed at the expected size of ~ 27 kDa with 
the inclusion of His-tag and thrombin cleavage sequence 
(Fig. 6). Western blot analysis confirmed the expression 
of PmCHI proteins with the protein band at size ~ 27 kDa 
observed on the nitrocellulose membrane with no band in 
the negative control. These results corroborated SDS–PAGE 

Fig. 5   Ramachandran plot 
of predicted PmCHI protein 
model. The quality of this 
model is based on the most 
favored region represented in 
the red-colored area, additional 
allowed region in brown-
colored, generously allowed 
region in yellow-colored, and 
disallowed region in the light, 
yellow-colored area. There 
are more than 90% of residues 
reside in the most favored 
region based on this model. 
(Color figure online)
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analysis (Fig. 7) supporting that the CHI protein was suc-
cessfully expressed in the E. coli system. Meanwhile, the 
analysis of the fractions (from the partial purification) using 
SDS–PAGE, showed distinct bands for chalcone isomerase 
at ~ 27 kDa, with the presence of other faint protein bands 
(Fig. 8) and further optimizations on the purification proto-
col will be needed to obtain a fully purified protein in future 
studies.

Discussion

Flavonoids, comprising a large family of plant secondary 
metabolites, are well-known for their antioxidant capac-
ity and various health benefits [35]. Chalcone isomerase 
(CHI; EC 5.5.1.6) is an enzyme found in the flavonoid 
biosynthesis pathway, which is responsible for catalyzing 
the intramolecular cyclization of chalcones into functional 
2S-flavanones [17, 36]. The ORF of CHI was successfully 
amplified from the cDNA of P. minus and the identified 
amino acid sequence is highly homologous with other CHI 
genes from various plant species.

The structural analysis of CHI from M. sativa has 
revealed several residues (Thr48, Tyr106, Asn113, and 
Thr190) that are important for the catalytic mechanism of 
this enzyme [17, 37] and based on the multiple sequence 
alignment of PmCHI with various CHI sequences, these 
residues (Thr50, Tyr106, Asn113, and Ser192 in PmCHI) 
appeared to be conserved among different plant species 
(Fig. 1). Residues Thr48 and Tyr106 are conserved in all 

Fig. 6   SDS–PAGE analysis of strain E. coli BL21(DE3) harboring 
pET-28b(+)/coCHI at 25 °C, 20 °C and 16 °C and 0.55 mM IPTG. 
Protein expression was analyzed on 12% SDS–PAGE gel. Lane M: 
Unstained Protein Molecular Weight Marker (Thermo Scientific, 
USA), Lane 1, 2, and 3: supernatants from strain E. coli BL21(DE3) 
harboring pET-28b(+)/coCHI from expression at 25  °C, 20  °C 

and 16  °C respectively, Lane C1: supernatant from strain E. coli 
BL21(DE3) harboring pET-28b(+), Lane 4, 5, and 6: pellets from 
strain E. coli BL21(DE3) harboring pET-28b(+)/coCHI from expres-
sion at 25 °C, 20 °C and 16 °C, Lane C2: pellet from strain E. coli 
BL21(DE3) harboring pET-28b(+). Label with box is the expected 
band of CHI protein

Fig. 7   SDS–PAGE and Western blot analyses of recombinant E. 
coli BL21(DE3) harboring pET-28b(+)/coCHI. Protein expression 
was analyzed on 12% SDS–PAGE gel. The E. coli cells harboring 
recombinant and empty plasmids were induced at 0.55 mM IPTG for 
16  h at 16  °C for protein expression. a SDS–PAGE analysis: Lane 
M: Unstained Protein Molecular Weight Marker (Thermo Scientific, 
USA), Lane 1: supernatant of E. coli BL21(DE3) expressing CHI 
protein. b Western blot analysis: Lane 2: CHI protein, Lane C: super-
natant of E. coli BL21(DE3) harboring empty pET-28b(+) plasmid 
(negative control). Label with box is the expected band of CHI pro-
tein
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CHI sequences from different species, but in non-legumes, 
Thr190 and Met191 residues are mostly replaced by serine 
and isoleucine, respectively [17, 33]. The catalytic activities 
of CHIs differ in leguminous and non-leguminous plants. 
Type I CHI in non-legumes converts only naringenin chal-
cone to naringenin [34], whereas type II CHI involves an 
additional isomerizing reaction of isoliquiritigenin into 
liquiritigenin [16, 38, 39]. The phylogenetic analysis with 
functional CHIs from different plant species showed that 
PmCHI is a Type I CHI (Fig. 2).

The predicted molecular weight of PmCHI was similar to 
CHI proteins from other plants such as Carthamus tinctorius 
L., Ophiorrhiza japonica, and Chamaemelum nobile, which 
are in the range of 25 kDa [36, 40, 41]. This enzyme con-
sisted of more hydrophobic residues, similarly to chalcone 
isomerase isolated from G. max [42, 43]. The hydrophilicity 
of PmCHI was observed as the GRAVY value calculated 
resulted in a negative value and it was identified previously 
that CHI from C. tinctorius L. is a hydrophilic protein with 
its GRAVY value at − 0.203 [17].

On the other hand, PmCHI is categorized as an unstable 
protein based on the instability index [44] similar to several 
other CHI proteins identified from Ananas comosus, Paeonia 
suffruticosa, Lonicera japonica, Morus alba, Lilium specio-
sum, and Scutellaria baicalensis [37]. PmCHI does not have 
any transmembrane helical structure. There is also no signal 
peptide sequence detected, hence, PmCHI was deduced to be 
a non-secretory protein as observed with identified CHI pro-
tein from other organisms [18, 36]. Subcellular localization 

of PmCHI showed the possibility of this protein located in 
the cytoplasm as were highlighted from identified CHI pro-
tein from previous studies [18, 36]. Chalcone isomerase is 
the enzyme responsible for the cyclization of chalcones into 
various flavanones, and this process occurs in the cytoplasm 
of plant cells [45]. These properties predicted from CHI of P. 
minus through computational analyses provided new infor-
mation on PmCHI that has never been studied previously.

The predicted 3D model of PmCHI selected was gener-
ated from YASARA software program [24] based on the 
template from crystallized CHI protein of D. antartica 
Desv. with the highest Z-score. A Z-score of > 0 suggested 
an optimal or a perfectly folded protein [45], and a higher 
Z-score indicates a better protein model. The PmCHI model 
was seen to resemble an upside-down bouquet that adopted 
an open-faced β-sandwich fold (Fig. 4) and comprises 8 
α-helices and 11 β-strands, as reported previously in [17, 
34]. This 3D model showed similarities with other crystal 
structures of CHI proteins deposited in PDB [17, 34] indicat-
ing that it is representative of PmCHI.

Based on previous studies, the catalytic reaction of narin-
genin chalcone occurs through a combination of electrostatic 
catalysis and water-mediated charge stabilization, during the 
stereospecific Michael-type addition reaction [17, 44–47]. 
Several residues (Arg38, Thr50, Tyr108, Asn115, and 
Ser192) involved in the catalytic activity were also identified 
to be conserved in PmCHI (Fig. 4). The proximity of these 
active site residues is observed in this predicted model and 
further studies could be conducted to observe the catalysis 
reaction of this enzyme.

Subsequent validation analysis of the generated model 
was performed to verify its quality. Three different analyses 
were conducted, starting with the use of PROCHECK pro-
gram [27] for generating a Ramachandran plot [28]. From 
the plot, the predicted PmCHI model was deduced to be of 
good quality as 93.9% of its residues are in the most favored 
regions (red-colored area) (Fig. 5). The PmCHI structure 
was also subjected to validation analysis using Verify3D and 
this model was calculated to have 93.2% of its residues to 
have an averaged 3D–1D score ≥ 0.2. A Verify3D score of 
more than 80% was expected from a satisfactory predicted 
model [48]. There were low scoring residues located at the 
end of the protein structure between residue numbered 225 
until 236, as observed from the plot (Supplementary File: 
Fig. S1) and this may suggest that this specific area in the 
predicted model may be incorrectly folded. However, as 
mentioned above, most of the residues (93.22%) have scored 
above the 0.2 marks for their averaged 3D–1D score, indi-
cating that this predicted model has passed this evaluation. 
Meanwhile, ERRAT analysis [26] conducted on the PmCHI 
3D model gave a slightly unfavorable result as the overall 
quality factor of this model was calculated at 94.1% (Supple-
mentary File: Fig. S2), where the resolution of this protein 

Fig. 8    SDS–PAGE analysis of the partial protein purification of chal-
cone isomerase. Protein expression was analyzed on 12% SDS–PAGE 
gel. Lane M: Unstained Protein Molecular Weight Marker (Thermo 
Scientific, USA), Lane Cr: Crude CHI, Lane FT: Flow-through, Lane 
1: Fraction 2, Lane 2: Fraction 5, Lane 3: Fraction 6, Lane 4: Fraction 
8, Lane 5: Fraction 9, and Lane 6: Fraction 10. Lane 5 corresponded 
to Fraction 9 that showed the highest absorbance at 280  nm during 
the elution phase
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structure is slightly low based on this analysis, as opposed 
to the benchmark value of the quality factor at ~ 95% for 
high resolution [48, 49, 50]. However, the previous valida-
tion analyses performed showed that the generated PmCHI 
model by YASARA was the best structure predicted.

This is the first study to investigate the heterologous 
expression of native chalcone isomerase protein identified 
from P. minus in a prokaryotic system (E. coli). Several 
temperatures were tested during the expression study, and 
it was concluded that the recombinant chalcone isomerase 
protein was expressed in the soluble fraction at 16 °C due 
to the band (~ 27 kDa) that was observed in the supernatant 
(Fig. 6) compared to the insoluble fractions for other tested 
temperatures. Furthermore, a lower temperature setting after 
induction will often lead to soluble heterologous protein pro-
duction [51]. The finding in this study was also confirmed 
by [37] as IPTG induction at a low temperature led to the 
heterologous expression of CHI from O. japonica as a major 
soluble protein.

The faint protein band warranted a subsequent West-
ern blot analysis to confirm the recombinant expression of 
PmCHI by E. coli. The expected protein band at ~ 27 kDa 
was viewed on the nitrocellulose membrane (Fig. 7) and this 
confirmed that PmCHI was successfully expressed. Partial 
purification of PmCHI using gravity-flow was conducted to 
observe the ability of this protein to be purified. PmCHI 
that was expressed with His-tag at its N-terminal was then 
partially purified with Ni-Sepharose and the presence of this 
tag facilitated in the purification procedure. The protein band 
at ~ 27 kDa was detected when the fraction (detected with 
the highest absorbance reading at 280 nm during the elution 
phase) was analyzed with SDS–PAGE (Fig. 8). Hence, this 
suggests the ability of PmCHI to be fully purified for further 
biochemical characterization on the functionality and char-
acteristics of this important enzyme.

Conclusion

In conclusion, the present study sheds light on the molecu-
lar characteristics of PmCHI, a key enzyme involved in the 
flavonoid biosynthetic pathway. The successful isolation of 
its ORF and the prediction of its three-dimensional structure 
through homology modelling provides a solid foundation 
for further biochemical studies of this protein. The partial 
purification of PmCHI expressed in E. coli highlights its 
potential for future applications in the production of flavo-
noids, which could potentially reduce the dependence on 
plant extractions or chemical synthesis. However, further 
optimizations are necessary to fully realize the full potential 
of PmCHI in this regard.
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