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Abstract  

One of the most significant drugs for treating malaria is artemisinin, derived from the plant Artemisia 

annua. Artemisinin has seen a sharp rise in demand over the past ten years due to the development of 

resistance against other antimalarial drugs. However, natural artemisinin production is meager, which 

results in a global supply scarcity. Chemical synthesis of it is challenging due to its complicated 

structure. As a result, Artemisia annua remains the sole plant from which artemisinin is commercially 

available. Therefore, it is necessary to develop new plans to enhance output or identify alternative 

sources. In the present study, the multiple sequence alignments, secondary structure analysis, tertiary 

structure prediction, functional validation and protein-protein interactions of six enzymes namely 

ADH1, ALDH1, AMS1, CPR, CYP71AV1 and DBR2 were examined. In-silico analysis carried out 

in this paper has produced promising results.  

 

Keywords: Artemisia annua, biosynthetic pathway, ADH1, ALDH1, AMS1, CYP71AV1, protein-

protein interactions.  

 

1. INTRODUCTION 

According to World Health Organisation, malaria continues to be a major global health concern with 

an estimated 214 million annual infections and 430,000 annual deaths, mostly among children under 

the age of 5. Plasmodium sp., in particular Plasmodium falciparum, which thrives in female 

Anopheles mosquitoes, are the culprits behind this lethal illness (Cox, 2010). The declines in malaria 

mortality and morbidity are mostly attributable to antimalarial drugs. The search for new antimalarial 

drugs has been centred on screening traditional medicine for many years (Simonsen et al., 2001; Adia 

et al., 2016; Nondo et al., 2017). Artemisia annua L. (sweet wormwood) is a member of the 

family Asteraceae and is classified under the genus Artemisia. It is a native of China and was first 

discovered in the steppes of the Chahar and Suiyuan Provinces. It is now widely cultivated throughout 

the world, including Vietnam, Thailand, Burma, Madagascar, Malaysia, the United States, Brazil, 

Australia (Tasmania), Holland, Switzerland, France, and Finland. A. annua produces artemisinin (a 

sesquiterpene lactone) which has remarkable efficacy against multi-drug resistant malaria-causing 

https://jptcp.com/index.php/jptcp/issue/view/79
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/artemisia-annua
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/asteraceae
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parasite (Plasmodium species), however it is in short supply and not accessible to most malaria 

patients (Jing et al., 2009). Artemisinin and its semi-synthetic artemisinin derivatives, such as 

dihydro-artemisinin, artesunate, artemether, and arteether, are used in conjunction with other 

artemisinin derivatives even though the extracted artemisinin content of Artemisia annua is very low 

(dry weight approximately 0.01 to 1%) for the production of malaria combination medicines (Ro et 

al., 2006). In addition to being effective against malaria, artemisinin and its derivatives are also 

effective against a number of cancers and tumours (Efferth 2017), some viruses (Efferth et al., 2008; 

Efferth, 2018), including SARS-CoV-2 (Nair et al., 2021), tuberculosis (Martini et al., 2020; Zheng 

et al., 2017), and a variety of parasites, including Schistosoma species (Munyangi et al., 2018). In two 

plants, Nicotiana benthamiana and Physcomitrella patens, artemisinin may also be generated 

heterologously (Han et al., 2016; Wang et al., 2016).  

 

1.1 Biosynthetic pathway:  

IPP (isopentenyl diphosphate) and its isomer, DMAPP (dimethylallyl diphosphate), which were 

produced by the MVA (mevalonate) pathway in the cytoplasm and the MEP (methylerythritol 

phosphate) pathway in the plastid, were used as raw materials to generate artemisinin from the plant 

terpenoid biosynthesis pathway. Farnesyl diphosphate synthase (FPPS) catalysed the conversion of 

two molecules of IPP and one molecule of DMAPP into 15-carbon FPP, which entered the artemisinin 

biosynthetic pathway. The production of artemisinin increased when FPS was overexpressed in 

Artemisia annua (Han et al., 2006; Banyai et al., 2010), confirming the importance of FPS and the 

availability of substrates in the control of artemisinin biosynthesis (Simonsen et al., 2013). The 

enzyme amorpha-4,11-diene synthase (ADS) transforms FPP into amorpha-4,11-diene (Fig.1). 

Amorpha4,11-diene is hydroxylated in the following two stages of oxidation to produce artemisinic 

alcohol, which is then further oxidised to form artemisinic aldehyde in the presence of the cytochrome 

P450 enzyme amorphadiene monooxygenase (CYP71AV1). Artemisinin aldehyde is further reduced 

by the trichome-resident enzyme ADH1 to dihydroartemisinic aldehyde, which is then further 

oxidised by the trichome-resident enzyme artemisinic aldehyde 11 (13) reductase (DBR2) to 

dihydroartemisinic acid (Liu et al., 2016). Both the oxidation of dihydroartemisinic aldehyde to acid 

and the oxidative conversion of artemisinic aldehyde to acid in plants (catalysed by CYP71AV1) are 

known to be facilitated by the enzyme ALDH1 (Teoh et al., 2006; Teoh et al., 2009).  

This research concentrates on the search for enzymes involved in artemisinin biosynthesis pathways 

in metabolic pathways of other plants because Artemisia annua has a low artemisinin content and 

poor availability against high demand. 

 

 
Fig. 1. Artemisinin biosynthetic pathway in Artemisia annua. The intermediates of pathways are 

defined as AMS1, amorpha-4,11-diene synthase; CYP71AV1, amorpha-4,11-diene C-12 oxidase; 

CPR, cytochrome P450 reductase; ADH1, alcohol dehydrogenase 1; ALDH1, aldehyde 

dehydrogenase 1, DBR2, artemisinic aldehyde reductase. 

 

2. Methodology 

Protein sequences of amorpha-4,11-diene synthase (AMS1), amorpha-4,11-diene C-12 oxidase 

(CYP71AV1), alcohol dehydrogenase 1 (ADH1), aldehyde dehydrogenase 1 (ALDH1), cytochrome 

P450 reductase (CPR) and artemisinic aldehyde reductase (DBR2) from various plant sources were 

https://jptcp.com/index.php/jptcp/issue/view/79
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retrieved from NCBI (http://www.ncbi.nlm.nih.gov) in FASTA format for computational analysis. 

Using the free CLC Sequence Viewer version 8.0 (https://clc-sequence-viewer. software. 

informer.com/8.0/), the alignment of all chosen sequences was examined. The helix, sheet, turn, and 

coil of amino acid sequences were predicted by Chou and Fasman secondary structure prediction 

(CFSSP) server (http://cho-fas.sourceforge.net/index.php). SWISS-MODEL (https://swissmodel. 

expasy.org/interactive) was used to design the 3D model of target proteins by selecting the best 

template. Further functional annotations were made to the resultant 3D structure. From the UCLA-

DOE LAB— SAVES v6.0 server (https://saves.mbi.ucla.edu/), the predicted protein model was 

examined and validated. PROCHECK was used to evaluate the Ramachandran plot from SAVES. 

The STRING v10.0 server (http:// string-db.org/), which creates a functional protein association 

network, was used to determine how the target proteins interact with other proteins that are closely 

related to them. 

 

3. RESULTS AND DISCUSSION 

3.1 Sequence analysis:  

The amino acid sequences from six different enzymes which are involved in the biosynthesis of 

artemisinin were retrieved from the NCBI database and were taken into consideration for further 

computational analysis. The list of the enzymes with accession numbers and their plant sources is 

shown in Table 1.  

 

Table 1. List of the enzymes involved in biosynthesis of artemisinin and their plant sources taken 

for the study. 
Accession No. Name of Enzyme Organism 

AEI16475.1 alcohol dehydrogenase 1 (ADH1) Artemisia annua 

XP_022008917.1 alcohol dehydrogenase 1 (ADH1) Helianthus annuus 

ACR61719.1 aldehyde dehydrogenase 1 (ALDH1) Artemisia annua 

XP_035836614.1 aldehyde dehydrogenase 1 (ALDH1) Helianthus annuus 

AFA34434.1 amorpha-4,11-diene synthase (AMS1) Artemisia annua 

ABB82944.1 amorpha-4,11-diene C-12 oxidase (CYP71AV1) Artemisia annua 

ABL09938.1 cytochrome P450 reductase (CPR) Artemisia annua 

AHM95445.1 cytochrome P450 reductase (CPR) Matricaria chamomilla 

var. recutita 

GEV10977.1 cytochrome P450 reductase (CPR) Tanacetum cinerariifolium 

BAU61367.1 artemisinic aldehyde reductase (DBR2) Artemisia annua 

BAU61366.1 artemisinic aldehyde reductase (DBR2) Artemisia absinthium 

 

3.2. Multiple sequence alignment (MSA):  

The amino-acid sequences from four enzymes- alcohol dehydrogenase 1 (ADH1), aldehyde 

dehydrogenase 1 (ALDH1), cytochrome P450 reductase (CPR) and artemisinic aldehyde delta 

(11(13)) reductase (DBR2) were subjected to multiple sequence alignments using CLC Sequence 

Viewer 8 and compared for the recognition of conserved residues (Fig. 2-5).  

 

https://jptcp.com/index.php/jptcp/issue/view/79
https://www.ncbi.nlm.nih.gov/protein/AEI16475.1?report=genbank&log$=prottop&blast_rank=1&RID=JTF28YT3013
https://www.ncbi.nlm.nih.gov/protein/XP_022008917.1?report=genbank&log$=prottop&blast_rank=8&RID=JTF28YT3013
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Fig. 2. MSA of the amino acid sequence of ADH1 of Artemisia annua with the corresponding 

sequence of Helianthus annuus. 

 

 
Fig. 3. MSA of the amino acid sequence of ALDH1 of Artemisia annua with the corresponding 

sequence of Helianthus annuus. 

https://jptcp.com/index.php/jptcp/issue/view/79
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Fig. 4. MSA of the amino-acid sequence of CPR of Artemisia annua with the corresponding 

sequences of Tanacetum cinerariifolium and Matricaria chamomilla var. recutita. 

 

 
Fig 5. MSA of the amino-acid sequence of DBR2 of Artemisia annua with the corresponding 

sequence of Artemisia absinthium. 

https://jptcp.com/index.php/jptcp/issue/view/79
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3.3 Secondary Structure prediction:  

The secondary structure prediction outcome displayed here showed that the percentage of alpha helix 

was significantly higher than the percentage of other types of protein conformations, such as sheet 

and turn (Fig. 6). The percentages of helix, sheet and turn are 63.7, 71.4 and 8.2 in ADH1 of Artemisia 

annua, 56.2, 69.7 and 8.2 in ADH1 of Helianthus annuus, 79.2, 62.7 and 12.0 in ALDH1 of Artemisia 

annua, 81.9, 62.79 and 11.4 in ALDH1 of Helianthus annuus, 72.7, 71.2 and 11.9 in AMS1 of 

Artemisia annua, 75.7, 58.1 and 13.6 in CPR of Artemisia annua, 71.0, 56.3 and 13.8 in CPR of 

Matricaria chamomilla var. recutita, 73.0, 56.3 and 13.8 in CPR of Tanacetum cinerariifolium, 59.4, 

38.3 and 12.2 in DBR2 of Artemisia annua, 57.1, 40.1 and 12.2 in DBR2 of Artemisia absinthium, 

and 77.2, 64.6 and 12.5 in CYP71AV1 of Artemisia annua. Our results showed that the percentage 

of helix is higher in all predicted secondary structures but exceptions were for ADH1 of Artemisia 

annua and Helianthus annus. In both, the percentage of sheet (71.4 in Artemisia annua and 69.7 in 

Helianthus annus) is more than helix (63.7 in Artemisia annua and 56.2 in Helianthus annus).  

 

 
Fig. 6. Secondary structure prediction of amino-acid sequences of enzymes involved in artemisinin 

production. 

3.3 Tertiary Structure prediction: 

As demonstrated in Table 2, SWISS-MODEL was successfully used to implement homology-based 

3-D modelling of the target enzymes based on their corresponding best templates. Here, the selected 

template sequence for AMS1 was 4gax.1. A, a crystal structure of an alpha-Bisabolol synthase mutant 

that shared 82.23% sequence identity with query sequence. The chosen template for ADH1 was 

6ljh.1.A, a crystal structure of Alcohol dehydrogenase 1 from Artemisia annua in complex with 

https://jptcp.com/index.php/jptcp/issue/view/79
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NAD+ that shares 100% sequence identity with the query sequence. For ALDH1, the structure of Zm 

ALDH2-3 (RF2C) in complex with NAD was picked as a suitable template sequence with SMTL ID 

4pxl.1.A. The template sequence and query sequence shared 64.88% of the sequence identity. The 

crystal structure of DBR2 with mutation M27L was chosen as the best template sequence for 

implementing the three-dimensional protein model of DBR2 and shared 95.29% sequence identity 

with the query sequence. The SMTL ID of the selected template sequence for DBR2 was 5dy2.1.A.  

An AlphaFold DB model of GAO_HELAN (gene: GAO, organism: Helianthus annus (Common 

sunflower) with SMTL ID, D5JBX0.1.A was chosen as the best template sequence for CYP71AV1 

that shared 84.22% sequence identity with the target protein sequence. The template sequence 

selected for CPR was A0A2U1LIM9.1.A, an AlphaFold DB Model of NCPR1_ARTAN (gene: 

CPR1, organism: Artemisia annua (Sweet wormwood). The sequence identity between the template 

sequence and query sequence for CPR was 99.57%. Fig. 7. depicts the three-dimensional structures 

of the target proteins that were modelled.  

 

Table 2: Template search result of target proteins by SWISS MODEL. 
Target 

protein 

Template 

SMTL ID Seq 

Identity 

Oligo-

state 

Found 

by 

Method Resolution Seq 

Similarity 

Coverage 

AMS1 4gax.1.A 82.23 Monomer HHblits X-rays 1.99Å 0.56 1 

ADH1 6ljh.1.A 100.00 Homo-

dimer 

HHblits X-rays 1.80Å 0.62 1 

ALDH1 4pxl.1.A 64.88 Homo-

tetramer 

HHblits X-rays 2.25Å 0.50 0.97 

DBR2 5dy2.1.A 95.29 Monomer - X-rays 1.57Å 0.60 0.97 

CYP71A

V1 

D5JBX0.1

.A 

84.22% Monomer AFDB 

search 

AlphaFo

ld v2 

- 0.57 0.99 

CPR A0A2U1L

IM9.1.A 

99.57 Monomer AFDB 

search 

AlphaFo

ld v2 

- 0.61 1 

 

 
Fig. 7. Protein structure of the representative target proteins involved in the artemisinin biosynthetic 

pathway modelled using SWISS-MODEL. 

https://jptcp.com/index.php/jptcp/issue/view/79
https://swissmodel.expasy.org/templates/5dy2.1
https://swissmodel.expasy.org/repository/uniprot/A0A2U1LIM9?model=AF-A0A2U1LIM9-F1-model-v4
https://swissmodel.expasy.org/repository/uniprot/A0A2U1LIM9?model=AF-A0A2U1LIM9-F1-model-v4
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3.4 Functional annotation:  

Ramachandran plot was used to verify the accuracy of the 3D models of the target proteins. The 

Ramachandran plots were built using PROCHECK as depicted in Fig. 8. 3D model of AMS1 

validation revealed 93.2% residues in the region that was most favored, 6.1% in additional allowed 

regions, 0.4% in generously allowed regions and 0.2% in disallowed regions. An excellent quality 

model has more than 90% of its residues in the favored region (Pramanik et al., 2017). Analysis of 

the Ramachandran plot of ADH1 revealed that 91.4% of residues resided in the most favored region, 

8.0% in additional allowed regions, 0.3% in generously allowed regions, and 0.3% in disallowed 

regions. 91.9% of the residues in the most favored regions, 7.3% in additional allowed regions, and 

0.7% in generously allowed regions were visible in the homology-based 3-D model of ALDH1 that 

was validated by the Ramachandran plot. DBR2 Ramachandran plot showed that 89.4% of residues 

were located in the most favored regions and 10.6% were in additional allowed regions. 

Ramachandran plot analysis of CYP71AV1 revealed that 91.3% of residues were found in the most 

favored regions, 8.5% in additional allowed regions, and 0.2% in disallowed regions. CPR model 

protein was subjected to Ramachandran plot analysis, which revealed that 89.1% of the residues were 

located in the most favored regions and 10.1% were in additional allowed regions and 0.8% in 

generously allowed regions.  

 

 
Fig. 8 A-F. Structural validation of target proteins via Ramachandran plot. 

https://jptcp.com/index.php/jptcp/issue/view/79
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3.5 Protein-protein interaction study: After that, we used the STRING database to conduct a 

protein-protein interaction network analysis (PPI). Individual proteins are represented as nodes and 

predicted functional associations between the proteins are represented by edges in the STRING 

output. The PPI analysis of ADH1 represents 11 nodes and 37 edges (Fig. 9A). Ten interacting 

proteins were CTI12_AA569090, CTI12_AA233480, CTI12_AA004150 and CTI12_AA108860, S-

formylglutathione hydrolase; CTI12_AA521040, CTI12_AA352590 and CTI12_ AA273790, 

Aldehyde dehydrogenase; CTI12_AA405270, Delta l-pyrroline-5-carboxylate synthetase; CTI12_ 

AA311190, Alcohol dehydrogenase-like 7 and CTI12_AA343680, Glucose/ribitol dehydrogenase. 

The PPI analysis of ALDH1 represents 11 nodes and 46 edges (Fig. 9B). The interacting proteins 

were CTI12_AA414580, Acyl-CoA synthetase 5; CTI12_AA553740, Ketose-bisphosphate aldolase 

class-II family protein; CTI12_AA348260, Ketose-bisphosphate aldolase class-II family protein; 

CTI12_AA182090 and CTI12_AA002810, Glutamate/acetyl glutamate kinase; CTI12_AA307390, 

CTI12_AA286430 and CTI12_AA286430, Delta-1-pyrroline-5-carboxylate synthase; CTI12_ 

AA143870 and CTI12_ AA037160, Aldehyde dehydrogenase. The PPI analysis of AMS1 represents 

11 nodes and 33 edges (Fig. 9C). The interacting proteins were CTI12_AA224510, Geranylgeranyl 

pyrophosphate synthase; FPS1, Farnesyl pyrophosphate synthase; CTI12_AA419400, Gerany-

lgeranyl reductase; CTI12_AA226570, Uncharacterized protein; Belongs to the FPP/GGPP synthase 

family; CYP71AV1, Amorpha-4,11-diene 12-monooxygenase; CTI12_AA049700, DBR2; DBR2, 

Artemisinic aldehyde Delta(11(13)) reductase; ALDH1, Aldehyde dehydrogenase 1; CTI12_ 

AA405060, Terpenoid cyclases/protein prenyltransferase alpha-alpha toroid and CTI12_ AA461200, 

E-beta-farnesene synthase.  

 

The PPI analysis of CPR represents 11 nodes and 49 edges (Fig. 9D). The predicted functional 

partners were CTI12_AA054150, CTI12_AA059330 and CTI12_ AA014270, APS reductase 3; 

CTI12_AA390080 and CTI12_AA322200; Nitrite/Sulfite reductase ferredoxin-like domain-

containing protein; CTI12_ AA528 230, Uncharacterized protein; CTI12_AA024450, Ferredoxin--

nitrite reductase protein and CTI12_AA597900, CTI12_AA291950 and CTI12_AA282720, Nitrate 

reductase. The PPI analysis of CYP71AV1 represents 11 nodes and 46 edges (Fig. 9E). The 

interacting proteins were CTI12_AA054150, CTI12_AA014270 and CTI12_AA059330, APS 

reductase 3; CTI12_AA597900, CTI12_AA291950, CTI12_ AA282720, CTI12_AA206760 and 

CTI12_AA190820, Nitrate reductase; FPS1, Farnesyl pyrophosphate synthase and ALDH1 Aldehyde 

dehydrogenase 1. The PPI analysis of DBR2 represents 11 nodes and 14 edges (Fig. 9F). The 

predicted functional partners were CTI12_AA369920, OPC-8:0 CoA ligase1; CTI12_ AA500690, 

CTI12_AA305120, CTI12_AA224500 and CTI12_AA606960, Allene oxide cyclase; 

CTI12_AA419030, AMP-dependent synthetase/ligase; CTI12_ AA603800, CTI12_AA511950, 

CTI12_AA505110 and CTI12_AA221930 AMP-binding, conserved site- containing protein.  

https://jptcp.com/index.php/jptcp/issue/view/79
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Fig. 9 A-F. Protein-protein interaction network for the enzymes involved in artemisinin 

biosynthesis. 

 

4. Discussion:  

Over the past few years due to the development of resistance against other antimalarial drugs, 

artemisinin has seen a sharp rise in demand. However, natural artemisinin production is very low and 

it is difficult to synthesize chemically which results in a global supply scarcity. Thus, Artemisia annua 

remains the sole plant from which artemisinin is commercially available. Modern researches mainly 

target the enzymes involved in artemisinin biosynthetic pathways. The present work dealt with 

multiple sequence alignments, secondary structure analysis, tertiary structure analysis and protein-

protein interactions of enzymes responsible for artemisinin synthesis. Our results showed that the 

percentage of helix is higher in all predicted secondary structures but exceptions were for ADH1 of 

Artemisia annua and Helianthus annus. In both, the percentage of sheet is more than helix. The 

percentage of sheet was 71.4 for ADH1 of Artemisia annua which is more than the percentage of 

helix i.e., 63.7. Similarly, the percentage of sheet was 69.7 for ADH1 of Helianthus annus which is 

more than the percentage of helix i.e., 56.2. The three-dimensional protein structure analysis showed 

the amino-acid sequences of enzymes shared 0.50% to 0.6% sequence similarity with the template 

https://jptcp.com/index.php/jptcp/issue/view/79
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sequences. The stereochemical quality of the predicted structure (s) was evaluated using the 

PROCHECK server, and the results were validated using a Ramachandran plot. For the six enzymes 

under investigation, the Ramachandran plot results (Fig. 8) revealed a range of 89.1%–93.2% of 

amino acid residues inside the region that was most favoured.  

 

Conclusions:  

In conclusion part of this study, template plants namely Helianthus annus, Matricaria chamomilla 

var. recutita and Tanacetum cinerariifolium and Artemisia absinthium were used for comparative 

analysis along with Artemisia annua. The percentage of helix is higher in all predicted secondary 

structures but exceptions were for ADH1 of Artemisia annua and Helianthus annus. In both, the 

percentage of sheeth is more than helix. An excellent quality model has more than 90% of its residues 

in the favoured region. In this paper, three-dimensional protein model of AMS1 showed 93.2% 

residues in the most favoured region. The protein-protein interaction outcome revealed a strong 

association with interacting proteins. This research might be a significant contribution in the field of 

Bioinformatics research and could aid other researchers in understanding the protein structures, 

physicochemical characteristics, and protein-protein interactions of enzymes involved in artemisinin 

production.  
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