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ABSTRACT

Background: Endoperoxide sesquiterpene lactone, artemisinin, is a widely
used antimalarial drug. Artemisia annua L. synthesizes this terpenoid and
is the only source of artemisinin. In plants, the content of artemisinin is
low (0.1-0.8% by dry weight). One of the best approaches to increase
artemisinin production is metabolic engineering. Methods: Both the genes
were amplified and cloned in Topo vector. Using computational approach,
full gene sequencing and a detailed in silico analysis was performed to
check the functional and structural properties of these enzymes. Expression
patterns of both the genes were assessed at different developmental
stages (vegetative, preflowering, flowering, and postflowering stage) of the
plant reverse transcription polymerase chain reaction. Results: Deduced
amino acid sequence of these genes possessed two important and
highly conserved aspartate-rich motifs, and lacks an N-terminal signal
peptide, a characteristic of sesquiterpene synthases. Physiochemical
properties demonstrated are thermostable. Low hydropathy values
ascertain them to be hydrophobic and are active at neutral pH. Structural
analysis disclosed that both the proteins possess more a-helices followed
by random coils. Ramachandran analysis showed a C-score of -0.35,
TM-score of 0.67 + 0.13 for B caryophyllene synthase model while as
C-score of —0.21, TM-score of 0.69 + 0.12 for B-Farnesene synthase
model. Both the proteins contain enormous nitrosylation sites suggesting
their functional link through nitrosylation. Gene expression pattern of both
the enzymes were upregulated during preflowering and flowering stage.
Conclusion: A thorough analysis of these two putative genes in A. annua L
paves way to essential insights concerning terpene biosynthesis in general
and regulation in artemisinin production in particular. This study also strongly
indicates that these two enzymes are developmentally controlled and may
have the regulatory effects on the terpene biosynthesis.
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SUMMARY

* Endoperoxide sesquiterpene lactone, artemisinin, is a widely used antimalarial
drug. Artemisia annua L. synthesizes this terpenoid and is the only source
of artemisinin. At present, A. annua plant is the only commercial source of
artemisinin. Its content in the plants is however relatively low (0.1%-0.8%
by dry weight) compared to its demand in international market. To increase
the content of artemisinin, understanding of its complete biosynthetic

INTRODUCTION

Artemisinin, which is a widely used antimalarial drug is obtained from
A. annua L. (Asteraceae)." It is effective against malaria, especially
the cerebral and chloroquine-resistant forms of this disease. Besides
antimalarial activity, artemisinin and its derivatives have been reported
to possess antiviral, anticancer, and antischistosomal activities.>* At
present, A. annua plant is the only commercial source of artemisinin.
Compared to its demand in international market, artemisinin content
is relatively low in plants (0.8% by dry weight). Lower content leads
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pathway as well as competing pathways is required. In the present study, a
thorough analysis of the two putative sideways competing pathway genes
E-B-Farnesene synthase and E-B-Caryophyllene synthase genes from A.
annua L were studied using computational approach. This analysis showed
several interesting aspects related to their structure and brought novel
information-related substrate binding. This data may provide a way forward
in understanding their regulatory role in artemisinin biosynthesis. However,
the experimental validation for the direct involvement of these enzymes in
artemisinin biosynthesis is underway.
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to meager production of artemisinin that results in increased cost of
artemisinin-based treatment, especially in developing countries where
malaria is endemic.”*) Numerous efforts have been made to improve
artemisinin production, to reduce the price of artemisinin-based
antimalarial drugs which involves many physiological and cell culture
studies.[® The alternative source of artificial artemisinin involves chemical
synthesis in laboratory, but it has met with limited success due to its
complexity and poor yield.”? The importance of metabolic engineering
has been recently reported to improve artemisinin production in plants
and microbe and is considered as one of the best approaches to increase
artemisinin production.® The limitation with this approach is that it
depends on either the biotransformation using the plant source® or
semisynthesis!'” for the end results.

Terpenoids are large and diverse class of secondary metabolites
synthesized by a special class of enzymes i.e., terpene synthases (TPS).
On the basis of distribution of introns and exons, TPSs are classified
into 7 clades: TPS-a, TPS-b, TPS-c, TPS-d, TPS-e/f, TPS-g, and TPS-h.
TPS-a, TPS-b, and TPS-g clades are discretely found in angiosperms,
with TPS-a containing mostly sesquiterpenes. Sesquiterpenoids are
biosynthesized from farnesyl pyrophosphate (FPP).!'J Mevalonate
and 2-C-methyl-D-erythritol 4-phosphate pathways generate
a product, isopentenyl pyrophosphate, which is the precursor
of the biosynthesis for FPP in A. annua L. plants.'?! The first
committed step of artemisinin biosynthesis is cyclization of FPP
into amorpha-4,11-diene (ADS), to produce carbon skeleton for
artemisinin biosynthesis.!"*!

Besides artemisinin biosynthesis, FPP is also used as a precursor for
the synthesis of various other terpenoids in the sideways competing
pathways such as caryophyllene, farnesene, and sterols as shown in
Figure 1. The modulation of TPS, involved in competing pathways,
may also increase or decrease the artemisinin production in A. annua
plants." In the present study, we have cloned and characterized two
terpene synthase genes, (E)-f farnesene synthase and (E)-f3 caryophyllene
synthase (bes and bfs, respectively) from A. annua plants. BES and BCS
are involved in biosynthesis of secondary metabolites farnesene and
caryophyllene, respectively. Although secondary metabolites are not
required for plant growth and development, they play an important role
in plant defense mechanism.!"”! An in silico analysis was performed to
get an insight into the functional and structural properties of TPS, bcs,
and bfs. Analysis of these two putative TPSs in A. annua plants showed
several interesting aspects related to structure and substrate binding.
Understanding of the artemisinin biosynthesis pathway along with the
competing pathways and their regulation with an aim to improve the
artemisinin content of A. annua L. employing system biology approach
is required. The information available regarding the structural and
functional contribution of TPS involved in these pathways is meager.

MATERIALS AND METHODS
Plant materials and tissue culture conditions

Seeds of artemisinin yielding genotype of A. annua L. plants were
acquired from herbal garden, Jamia Hamdard, New Delhi, India. These
were immersed in 70% ethanol for 2 min and then surface sterilized by
soaking in 5% sodium hypochlorite for 20 min. Thereafter, the seeds
were rinsed with distilled water and allowed to germinate under sterile
conditions in 50 ml germination medium (% MS media, Himedia). After
germination, the plantlets were grown in a controlled-growth chamber
in a light/dark cycle of 16/8 h using fluorescent lamps (with a light
intensity of 2800 Ix) at 25°C and 70% relative humidity for three weeks.
Seedlings were then transferred to greenhouse and allowed to grow for
four more weeks. Young green leaves from these plants were collected for
genomic DNA isolation.
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Database analysis and primer designing

TPS of A. annua L., namely bfs and bes were included in the study. The
primers for both the genes were designed from 3’ and 5° UTR regions
using Clone manager suite 7 (Sci-ED software) to clone full-length gene
sequences including introns and exons. A four base pair overhang CACC
was added to the 5" end of forward primer to allow directional cloning of
genes. The primer sequences are summarized in Table 1.

Isolation and cloning of terpene synthases genes
Genomic DNA was extracted from the fresh leaves of A. annua L. at
preflowering stage using the DNeasy plant mini kit (Qiagen) as per
manufacturer’s instruction. The primer annealing temperature for
optimum amplification of bcs and bfs genes was optimized by gradient
polymerase chain reaction (PCR) temperature which ranges from 50°C
to 60°C. The maximum amplification temperature for bcs was found to
be 56.2°C, and for bfs, it was 54.3°C. PCR was carried out using phusion
taq polymerase on a PCR thermal cycler with following temperature
program: 98°C for 5 min, followed by 35 cycles of amplification (94°C
for 30 s, 56.2°C for bcs; 54.3°C for bfs for 30 s, and 72°C for 2 min 30 s)
and 72°C for 10 min.

The PCR products were electrophoresed through 0.7% agarose gel and
eluted using QIAquick Gel extraction kit (Qiagen). Before ligation,
the PCR products of bcs and bfs were quantified and diluted as per
the cloning system’s required insert-vector ratio. PCR products were
directionally cloned into pENTR/SD/D/TOPO vector (Thermofisher).
Ligation was carried out following the manufacturer’s protocol optimized
for TOPO cloning. The ligation mixture was used to transform DH5a
competent cells provided with the kit. The positive colonies were
restreaked and confirmed through colony PCR (94°C for 30 s, 56.2°C
for BCS; 54.3°C for BFS for 30 s and 72°C for 2 min 30 s and 72°C for
10 min). The positive colonies on LA (Luria agar) plates were picked and
used for plasmid extraction, and restriction digestion was done using
NotlI restriction enzyme.

Sequencing and sequence alignment of
E-B-Farnesene synthase and 3-Caryophyllene
synthase

Along with universal M13 forward and reverse primers, three set of
gene-specific primers were used to sequence the two genes on both
the strands by primer walking to determine the complete sequence of
genes [Supplementary Figure 4a and b]. Protein sequences were deduced
using ExPasy translate tool® and were converted into fasta format for
further analysis.

The sequence alignment of DNA, ¢cDNA, and deduced amino acid
sequences of both the proteins encoded by bcs and bfs available in NCBI
revealed the position and length of introns and exons, respectively. The
alignment of cloned sequences to know introns and exons was done
with BIOEDIT software using the default parameters (http://www.mbio.
ncsu.edu/bioedit/bioedit. html).The alignment of nucleotide sequences
and deduced amino acid sequences helped in predicting the conserved
regions of both the TPS (bes and bfs). The FASTA sequences of BCS and

Table 1: Primer sequences used for directional cloning of E-B-Caryophyllene
synthase and E-B-Farnesene synthase

Gene Sequence

besF 5-CACC-CAATCCAAACTTCTCATAGACATG-3;
besR 5-ACAAATGCCACACAGAAGAGG-3’

bfsF 5-CACC-ATGTCGACTCTTCCTATTTCTAG-3,
bfsR 5-TTAGACAACCATAGGGTGAACGAAG-3’

bes: E-B-Caryophyllene synthase; bfs: E-B-Farnesene synthase
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E-BFS proteins were uploaded in dbSNO 2.0 under the SNO prediction
tool to predict cysteine nitrosylation sites in bes and bfs.

Physiochemical characterization and phylogenetic
relationship

Expasy’s ProtParam server was used for primary structure analysis of
both the genes!". The biophysical and biochemical properties such as
pl, molecular weight, instability index,!"” aliphatic index,™® extinction
coefficient, and GRAVY™ were computed using this program.
Conserved domain search for functional characterization of proteins
was performed using the conserved domain database available at NCBI.
MEME Suite (http://meme.ncbr.net | meme | cgi-bin | meme.cgi) was
used to predict the motifs of proteins.?” Phylogenetic relationship was
assessed using MEGAS.1 software to draw evolutionary trees for both
the genes.

Structure analysis

Amino acid sequences of both the genes were analyzed for the secondary
structure prediction.”!! For secondary structure prediction, PSIPRED
server (http://bioinf.cs.ucl.ac.uk/psipred/) was used, which provides
a simple and accurate secondary structure prediction method.?” The
relative availability of alpha helix, extended strand, and random coils
was determined for both the protein sequences. To predict the role of
o-helix, B sheets, and random coil structures at each position based on
17 amino acid sequence windows, the deduced protein sequences were
calculated using I-TASSER prediction tool.?* PROCHECK program was
used to check the stereochemical excellence and the overall structural
geometry of the homology model.?!

Analysis of terpene synthases (E-f-Farnesene
synthase and -Caryophyllene synthase) of
Artemisia annua-L by reverse transcription
polymerase chain reaction

We extracted total RNA from 30-50 mg of leaves using RNeasy Plant mini
kit (Qiagen), following manufacturer’s instructions. cDNA was generated
from 5 ug of total RNA using Maxima First Strand cDNA synthesis
kit (Thermo Scientific, USA). Expression patterns of both the enzymes
were assessed at different developmental stages (vegetative, preflowering,
flowering, and postflowering stage) of the plant using gene-specific RT
primers, purchased from Applied Biosystems. Using a LightCycler® 480
System (Roche Diagnostics), quantitative PCR was performed. Each
reaction for analysis was carried out in triplicates and was normalized
using glyceraldehyde 3-phosphate dehydrogenase as a reference gene.
The data are represented by 24" method to show the relative mRNA
expression. The sequences of primers used are listed in Table 2.

RESULTS

Cloning and primary structure analysis

The terpene synthase genes bes and bfs were amplified from A. annua L. by
PCR. The sequence of bes was 2554 bp nucleotides in length and contained
1863 bp translational region encoding 621 amino acids, whereas bfs was
2560 bp nucleotides in length and contained 1716 bp translational region
encoding 572 amino acids [Supplementary Figure la-d]. Analysis of
the genomic structure of bcs revealed that it contained 5 introns and 6
exons, whereas bfs contained 7 introns and 8 exons. As computed from
the 3’ end of mRNA sequence, the position of introns was considerably
constant, but the length of introns varied to a great extent [Figure 2a and
b]. Both the genes were examined for the presence of conserved domains.
The C-terminal domain of both these genes contained two important

sS40

and highly conserved aspartate-rich motifs, namely DDXXD and NSE/
DTE. Positionally, conserved RXR motif was observed 35 amino acids
upstream of DDXXD motif [Figure 3a and b]. A phylogenetic tree
of E-B—Farnesene (BFS), BCS, and similar proteins from different plant
species was constructed using MEGAS.1 to investigate the evolutionary
relations. This revealed that both the proteins are originated from
common ancestor and share similarities with TPS [Figure 4a and b].

Physiochemical properties

Expasy’s ProtParam tool was used for computing the physiochemical
properties of both the genes. The calculated parameters are enlisted
in Table 3. The calculated molecular weight of BCS is 72kDa and
that of BFS is 66kDa. Aliphatic index for the protein sequences of
BCS and BFS are 89.81 and 89.25, respectively. The Grand Average
Hydropathy (GRAVY) value for BCS and BFS are —0.174 and —0.252,
respectively. The pI value for BCS protein is 5.05 and for BFS protein
is 5.10. The instability index value for BCS protein is 47.37, and for
BFS protein, it is 57.52. The estimated half-life of BCS protein in
different cell systems are 30 hrs (mammalian reticulocytes, in vitro),
>20 hrs (yeast, in vivo), >10 hrs (Escherichia coli, in vivo) and that of
BEFS are 30 h (mammalian reticulocytes, in vitro), >20 h (yeast, in vivo),
and >10 h (E. coli, in vivo).

The extinction coefficient of BCS is 95605; Abs 0.1% (=1 g/l) 1.500,
assuming all pairs of cysteine residues form cysteines, extinction
coefficient 95230; Abs 0.1% (1 g/1) 1.494, assuming all cysteine
residues are reduced (cysteine does not absorb appreciably at
wavelength >260 nm, while cysteine does). The extinction coeflicient of
BES is Abs 0.1% (=1 g/1) 1.500, assuming all pairs of cys residues form
cysteines, extinction coefficient 95230; Abs 0.1% (1 g/1) 1.494, assuming
all cys residues are reduced. (Cysteine is the amino acid formed when a
pair of cysteine molecules is joined by a disulfide bond).

Amino acid composition of major BCS and BFS was compared with
reference, which showed that in BCS leucine (L), glutamic acid (E), and
alanine (A) were the most prominent amino acids with leucine being the
most variable amino acid noted. There was an increase in frequency of
asparagine; tyrosine and serine while a decrease in frequency of histidine,
and tryptophan in the BCS as compared to reference [Supplementary
Table 1]. Similarly, BES showed that glutamic acid (E), leucine (L), and
valine (V) were the most prominent amino acids with glutamic acid
being the most variable amino acid noted. An increase in frequency of
serine and lysine was also observed as compared to the reference while
there is a decrease in cysteine and tryptophan [Supplementary Table 2].

Table 2: Primer sequences used for reverse transcription-polymerase chain
reaction of E-B-Caryophyllene synthase and E-B-Farnesene synthase

Gene Sequence

BFScF 5-CCCAGATACAAGAAGCGCTAAA -3
BFScR 5-TGGGACATCAAGACCTTTCC -3’
BCScF 5-GCAACCCTGCACCATCTA -3’
BCScR 5-AGACTCATTGTGAGATGCTAGTT-3

bes: E-B-Caryophyllene synthase; bfs: E-f-Farnesene synthase

Table 3: The parameters computed using Expasy’s ProtParam tool in
B-caryophyllene synthase and for B-Farnesene synthase, respectively

Enzyme AA Molecular Pl Instability  Aliphatic Gravy
weight (KDa) index index

BCS 621 72.05 5.05 57.52 89.25 -0.25

BFS 552 66.36 5.1 47.37 89.81 -0.17

BCS: E-B-Caryophyllene synthase; BFS: E--Farnesene synthase
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Farnesene synthase gene. (b) 8 exons in orange and 7 introns in blue. Numbers shown below the lines are the start and end positions of respective exons

Structural analysis and model development

Using a stringent cross-validation method to evaluate the method’s
performance, an average Q3 score of 81.6% was achieved. The secondary
structure showed that the BCS sequence consisted of 60.58% (332)
o-helix (H), 25.36% (139) random coils (C), and 14.04% (77) B-sheets (E),
and the BFS sequence consisted of 40.21% (232) c-helix, 34.32% (198)
[-sheets, and 25.47% (147) random coils. The percentage distribution
of predicted secondary features, ie., alpha helix, extended strand, and
random coils are represented in Table 4. The secondary structure results
revealed that the predicted alpha helix dominated among other features
followed by random coils, extended strands for both the protein sequences.

Using the alignment as input, four different structural models were
generated for both the genes using I-TASSER server [Supplementary
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Table 4: The summary of secondary structure elements identified in
B-caryophyllene synthase and for B-Farnesene synthase proteins, respectively

Enzyme Alpha Extended Random
helix (%) strand (%) coil (%)

BCS 60.58 14.05 25.36

BFS 40.21 25.48 34.32

BCS: E-B-Caryophyllene synthase; BFS: E-f3-Farnesene synthase

Figure 2a and b]. The structure fulfilling all the structural constraints
in accordance with Ramachandran plot was chosen for further
analysis ([Figure 5a and b], respectively). In both the modeled proteins,
we observed that most of the residues were in the favored regions when
compared to reference model, limonene synthase (Mentha spicata).
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Figure 4: Phylogenetic tree of the amino acid sequences of: (a) 3-Farnesene synthase of Artemisia annua and (b) B-Caryophyllene synthase of Artemisia
annua and other closely associated plant species constructed by neighbor-joining method using MEGA5. 1: GenBank accession numbers: for -Farnesene
synthase, AAX39387.1 (Artemisia annua), XP_022017387.1 (Helianthus annuus), XP_002282488.1 (Vitis vinifera), XP_020535626.1 (Jatropha curcas),
XP_002523635.1 (Ricinus communis), XP_021801780.1 (Prunus avium), XP_006475286.1 (Citrus sinensis) and for (3-Caryophyllene synthase, AAL79181.1
(Artemisiaannua), XP_021988936.1 (Helianthus annuus), XP_019072406.1 (Vitis vinifera), XP_009355684.1 (Pyrus x bretschneideri), XP_017979694.1 (Theobroma
cacao) NP_001281061.1 (Malus domestica), XP_021801780.1 (Prunus avium)

While BCS model has a C-score of — 0.35 and BFS model has a C-score  and BES), 96.3% and 96.1% of residues were observed in the favored
of — 0.21. An estimated TM-score of 0.67 £ 0.13 and 0.69 + 0.12 was  regions, respectively, whereas 2.4% and 3.0% residues were observed in
obtained for BCS and BFS, respectively. In both the modeled proteins (BCS  the allowed regions, respectively, as compared to the reference [Table 5].
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Figure 5: Homology modeling and evaluation of tertiary structure: Prediction of tertiary structure of the modeled (a) 3-Caryophyllene synthase and (b)
E-B-Farnesene synthase generated by the I-TASSER server. The different domains of the protein are color coded

Table 5: The summary of Ramachandran plot analysis for 3-caryophyllene
synthase and for B-Farnesene synthase proteins, respectively

Enzyme Residues in Residues in Residues
most favored additionally in outlier
regions (%) allowed regions (%) regions (%)
BCS -96.3 2.4 -1.2
BES -96.1 =3 -0.9

BCS: E-B-Caryophyllene synthase; BFS: E--Farnesene synthase

BCS and BFS synthase proteins harbor predicted sites for nitrosylation
of cysteine residues. B-Caryophyllene synthase has a total of 6 sites of
s-nitrosylation [Figure 6a] whereas E-BFS has 10 predicted sites for
s-nitrosylation [Figure 6b].

Reverse transcription polymerase chain reaction
analysis

We made an estimation of relative mRNA expression of bes and bfs
enzymes at different developmental stages of the plant. We observed that
the mRNA expression patterns of both the biosynthetic enzymes were
highest at preflowering and flowering stage in the plant leaves, followed
by vegetative and least expression was observed in postflowering stage of
the plant [Figure 7a and b]. This implies that their primary function may
be mainly confined to the preflowering and flowering stage.

DISCUSSION

Artemisinin is a medicinal compound obtained from the marginalized
medicinal crop, A. annua L. A key constituent of A. annua is artemisia.

Pharmacognosy Magazine, Volume 15, Issue 62, April-June 2019 (Supplement 1)

Many studies have been so far conducted, to improve qualitative and
quantitative production of artemisinin. Earlier approaches of genetic
engineering carried for increased production of artemisinin were focused
on the overexpression of genes involved in the artemisinin biosynthesis
such as FPP, ADS, and CYP.>?”) However, the overexpression of genes
had little impact on artemisinin content;® therefore, a broader insight
is required for enhancing its content in plant. In recent reports, the role
of enzymes involved in competing pathways was highlighted to have
a regulatory effect on the artemisinin biosynthesis.””’ However, little
knowledge is available about the chemical and structural aspects of these
enzymes. Aimed at providing a better understanding of these enzymes
involved in competing pathway sideways of artemisinin biosynthesis. In
the present study, we examined the sequential and structural aspects of
BCS and BFS, two bona fide enzymes of this pathway in detail. We chose
to directionally clone these genes into pENTR/SD/D/TOPO cloning
vector. Clones were confirmed through colony PCR and restriction
digestion. The full-length sequences of BCS and BFS served as an input
sequence for further analysis.

Trapp and Croteau”” classified these TPS on the basis of number of
introns, which were reduced by the time of evolution. As computed from
the 3’ end of mRNA sequence, the position of introns is considerably
constant but the length of introns varies to a great extent. Since BCS
has 5 introns, we classified it to TPS-a subfamily, whereas BFS having
7 introns was classified into TPS-b subfamily, of class III terpenoid
synthases. Unlike other members of TPS-a subfamily, BCS lacked sixth
and final intron a characteristic of TPS-a subfamily. Similar results in
terms of loss and gain of introns in TPS gene family was reported earlier
in Arabidopsis and tomato. 113133
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The presence or absence of conserved domains in sesqui-TPS has been
reported and documented in earlier studies.* DDXXD is involved in
the binding of water molecules and stabilization of the active site. It is

Protein Name Locations Nitrosylation Sites ‘The matched MDD-clustered Motifs
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Figure 6: Predicted sites of cysteine nitrosylation: The predicted cysteine
nitrosylation sites in (a) B-Farnesene synthase and (b) 3-Caryophyllene
synthase are represented by green bold letters highlighted in red box.
The numbers in the table show the location of these predicted sites in
the protein

also considered to be the binding site for the substrate divalent cation
(Mn?*, Mg**) complex.* RXR motif is thought to direct diphosphate
ion away from the carbocation on cleavage of the substrate complex.*!
NSE/DTE is also reported to be consensus sequence (L, V) (V, L, A) (N,
D) D (L, I, V) X (S, T) XXXE and a modified version LM (N, D) D (I, M)
X (S, G, T) XXXE is found in both the TPS and forms a second divalent
cation (Mg?**) binding site in terpenoid synthases. We also demonstrated
by paired alignment the presence of these consensus sequences in both the
genes. These data are also in line with the absolute requirement for divalent
metal ion as a cofactor for the substantial activity of sesqui-TPS.***! Both
these genes lack an N-terminal signal peptide, which is responsible for
the transportation of mono and di-terpene synthase proteins to plastid,
suggesting that both these genes encode a sesquiterpene synthase.

Previous studies demonstrated that sesqui-TPS differ in amino acid
composition and frequency.*”**! Comparison of the nucleotide sequence
of BCS and BFS revealed that deduced amino acid sequences differ in
variability and frequency by three amino acids. Nevertheless, it was
also noted that all the amino acids showing these differences were also
different between the two sequences [Supplementary Tables 1 and 2].
In this study, we also observed that the alignment of the two deduced
amino acid sequences was shorter than the reference sequences.’**!
This is probably because of the better alignment and higher homology.
The present study also demonstrated the alteration of the hydrophobicity
of amino acid residues when compared to hydrophobicity index of each
amino acid caused by variation [Table 3].

Depending on the physiochemical properties and location inside the cell,
the proteins are assigned various functions."'® The activity of a protein
depends on the packing of its domains. Analysis of physiochemical
properties of both the genes demonstrated novel information regarding
the molecular weight, aliphatic index, GRAVY, pI value, instability index,
estimated half-life and extinction coefficient were calculated and are
summarized in Table 3. Both these TPS BCS (72kDa) and BFS (66kDa)
are high molecular weight proteins. Since aliphatic index determines the
thermostability of proteins, Both the protein sequences BCS and BFS
showed higher values of aliphatic index, 89.81 and 89.25, respectively,
implicating their thermostability within wider temperature range. The
GRAVY value of a protein ascertains the interaction of a particular
protein with water. The lower values of GRAVY for BCS and BFS, —0.174
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Figure 7: Differential gene expression pattern at different developmental stages of the plant: Increased expression of (a) B-Farnesene synthase
and (b) B-Caryophyllene synthase was observed in preflowering and flowering stages followed by vegetative and post flowering stage. The data are

expressed as mean + SEM (n = 5) at every stage
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and -—0.252, respectively, indicate the possibility of better interaction
with water. Similarly, at pI, mobility of a protein in an electrofocusing
system is zero. Both the proteins bear zero net charge at acidic pH. These
data are also in line with the previous studies suggesting sesquiterpenes
are active at neutral or basic pH confirming the observed results.”**!

The instability index evaluates the stability of a protein in vitro.
Guruprasad et al. related the stability of a protein to its dipeptide
composition.!'” The computed instability index, 47.37 for BCS and 57.52
for BFS protein sequences, fall in a range of highly unstable proteins.
This is in agreement with the earlier studies suggesting the nonstatic and
dynamic nature of sesqui-TPS."*!

Protein cysteine nitrosylation (P-SNO) is physiologically important
posttranslational modification that affects a wide variety of proteins
and their activity. The SNO site prediction analysis showed that both
the proteins E-BFS and B-caryophyllene synthase have multiple sites
for cysteine nitrosylation. The presence of multiple SNO site indicates
that their activity might be regulated through nitrosylation; however, its
precise role needs to be elucidated. This assumption is also supported
by previous reports suggesting various ecological or commercial roles
of terpenes obtained after additional modification."*#?! It has also been
reported to be used for chemical identification and classification of
TPSs.1*!

All protein functions are dependent on their structures. Structure
analysis and model development help in the prediction of its folding
and its secondary and tertiary structure from its primary structure.
The secondary structures of both the genes were obtained at 1.95-A°
resolution [Table 4]. These results revealed that the structure of both
the proteins comprised dominating features of alpha helices, followed
by random coils and extended strands. The secondary structure results
of sesqui-TPS reported earlier also predicted that the percentage
distribution of alpha helix and random coils is analogously higher.
Three-dimensional structures have been predicted for TPSs, but such
assembled data for A. annua L. TPs are unavailable. The experimental
structures for these proteins are inadequate. The structures of both
the TPSs are based on principle template crystal structure of limonene
synthase (Mentha spicata) deposited in PDB. BCS model has a C-score
of —0.35 and BFS model -0.21. The C-score is a value of standard of
predicted model and its value ranges from —5 to 2. A higher C-score
signifies a high quality model and C-score >—1.5 has a correct fold."*!
The C-score for both the proteins obtained indicates a good quality
structure and correct folding with an estimated TM-score of 0.67 £ 0.13
and 0.69 + 0.12 for BCS and BFS, respectively. A TM-score of >0.5
indicates a model of correct topology. Thus, the TM-score of both the
proteins indicate a model of correct topology. Analysis of stereochemical
quality and accuracy of refined protein model using PROCHECK!"
revealed that dihedral angles of all the residues were located in the
most favored region of the Ramachandran Plot [Table 5]. In both the
modeled proteins (BCS and BFS), 96.3% and 96.1 of residues were
observed in the favored regions, whereas 2.4% and 3.0% residues were
observed in the allowed regions, respectively, as compared to limonene
synthase (Mentha spicata). Occurrence of 90% or more than 90% residues
in the most favored region of Ramachandran plot classifies the refined
models to be of good quality and within the values statistically expected
for proteins with a resolution of at least 2.0 Angstroms and R-factor no
greater than 20. These structures provide a basis for understanding the
stereochemical selectivity displayed by the TPSs and provide templates
for the prediction of other TPS structures.

A differential expression pattern was observed by these sesqui-TPS at
different developmental stages. The RT PCR data revealed clearly that
the expression levels of bcs and bfs enzymes were highest in the leaves of
artemisia at preflowering and flowering stage. This was followed by the
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vegetative and postflowering stage. This strongly indicates that these two
enzymes are developmentally controlled and may have the regulatory
effects on the terpene biosynthesis. This assumption is supported by
previous reports showing sesquiterpenes were expressed higher in
younger leaves compared to older leaves. Varying expression of different
terpene synthase enzymes at different developmental stages and source
of origin is also well documented. These differences have also been
correlated with the chemotypic variation. 4!

CONCLUSION

A thorough analysis of these two putative genes involved in terpene
biosynthesis showed several interesting aspects related to structure
and brought novel information related to their structures and substrate
binding. Domain analysis determined the conserved motifs of both
the proteins and these conserved domains were found to be involved
in active site stabilization. Structural analysis revealed the important
structural aspects of both the proteins. The structural characterization
of these genes would pave the way to essential insights concerning
terpene biosynthesis and regulation in the production of artemisinin
in A. annua L. The gene expression patterns also strongly indicate that
these two enzymes are developmentally controlled and may have the
regulatory effects on the terpene biosynthesis.
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