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Abstract

Andrographis paniculata (Burm.f.) Wall. ex Nees is as an important medicinal plant from
centuries for treating infectious diseases in India and other countries. Active principles of this
plant are diterpene lactones, specifically andrographolides and are synthesised via two
independent biosynthetic pathways, i.e., mevalonic acid (MVA) and methyl-erythritol
phosphate (MEP) pathway. Very meagre genomic and proteomic information is available
about the genes and enzymes involved in these biosynthetic pathways. In this study, we have
performed in silico characterization of a vital rate limiting enzyme 1-deoxy-D-xylulose 5-
phospahte synthase (DXS) of MEP pathway in A. paniculata. Structural and functional
characterization of A. paniculata DXS (ApDXS) revealed its hydrophobic nature and a non
trans-membrane protein was found to be present in chloroplast stroma. Predicted 3D structure
with phyre2 tool had shown 85% of amino acids in the most favoured region as revealed by
Ramachandran plot and was 96.32% structurally reliable. The phylogenetic analysis of ApDXS
by MEGA7 revealed evolutionarily close relationship with Lamiaceae (Phlomis umbrosa/
Phlomoides umbrosa, Plectranthus barbatus, Lavandula angustifolia and Salvia miltiorrhiza)
and Pedaliaceae (Sesamum indicum) families. Protein-protein interaction study revealed the
interface of ApDXS with other MEP pathway proteins such as HDS, HDR, DXR and CDPMEK.
Further, interaction was also evident with MVA pathway protein HMGS and downstream
proteins, viz., GPS1, IPPI1 of diterpenoid pathway. The findings on the interactions of
ApDXS with HMGS has given insight to the cross talk between MEP and MVA pathways.
Prediction of bio-physico-chemical properties, secondary and tertiary structures will be of
significance in protein purification processes. In addition, it will also be advantageous for drug
designing applications with particular reference to manipulation of biosynthetic pathway,
involving diterpene lactones in A. paniculata.
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1. Introduction

Andrographis paniculata (Burm.f.). Wall. ex. Nees, a well-known
medicinal plant used for treating various diseases in herbal
medicaments and botanicals (Akbar et al., 2011; Subramanian et
al., 2012; Hossain et al., 2014; Okhuarobo et al., 2014; Sharma et
al., 2017; Hu et al., 2017; Nyeem et al., 2017). The synthesis of
diterpene lactones mainly andrographolides coordinated via two
independent pathways mevalonic acid (MVA) and methyl erythritol
phosphate (MEP) pathways, (Figure 1) in cytosol and plastids,
respectively (Eisenreich et al., 2004; Srivatsava and Akhila, 2010).
These two pathways are independent, however; a cross talk between
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them do exist (Rodriguez-Concepcion et al., 2015; Mendoza-
Poudereux et al., 2015). Glyceraldehyde-3-phosphate and pyruvate
are starting molecules in MEP pathway and the first reaction is
catalysed by 1-deoxy-D-xylulose 5-phosphate (DxP) synthase
(DXS) enzyme (Rohmer et al., 1996; Lange et al., 1998; Lois et al.,
1998; Zhao et al., 2013; Frank et al., 2016). DXS is identified as the
rate limiting key enzyme of MEP pathway (Harker and Bramley,
1999; Kuzuyama et al., 2000; Banerjee and Sharkey, 2014;
Rodriguez-Concepcién et al., 2015). Modification of DXS
expression was found to alter the isoprenoids production in
Catharanthus roseus (Chahed et al., 2000), Ginkgo biloba (Morris
et al., 2006), potato (Morris et al., 2006), tomato (Enfissi et al.,
2005; Garcia et al., 2017), Withania (Jadaun et al., 2017) and
Arabidopsis (Estevez et al., 2001; Wright et al., 2014). These
findings substantiated the rate limiting characteristics of DXS in the
MEP pathway. Structural and functional information of rate limiting
enzymes of these pathways is paramount in the study of
biochemical properties for isolation of the protein, elucidating the
3D protein models for drug designing and protein interaction studies
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in the biosynthesis of secondary metabolites (Elizabeth et al., 2011;
Singh et al, 2014; Bindu et al, 2017). The modification of metabolic
flux via altering the DXS expression increases the scope for increased
synthesis of diterpene lactone ultimately elevated andrographolide
production (Pulido et al., 2012; Simpson et al., 2016). In plants,
DXS is encoded by a small gene family where three groups have
been reported (Lange et al., 1998; Walter et al., 2002; Krushkal et
al., 2003; Rodriguez-Concepion et al., 2004; Kim et al., 2008;
Phillips et al., 2008; Cordoba et al., 2009, 2011). Group Il DXS
family is involved in secondary metabolism and defense responses
(Zhou et al., 2016). In response to the IPP and DMAPP levels, DXS

protein levels are post transcriptionally regulated (Guevara-Garcia
et al., 2005; Henriquez et al., 2016; Kudoh et al., 2017).

Further, in our laboratory we have an inclusive research agenda
involving studies on the distribution of A. paniculata and related
species, haplotyping, selection and yield augmentation of bioactive
compounds, using biotechnological and molecular approaches
(Neeraja et al., 2015; Arolla et al., 2015; Parlapally et al., 2015;
Zaheer and Giri, 2015; Neeraja et al., 2016; Bindu et al., 2017;
Zaheer and Giri, 2017a; Zaheer and Giri, 2017b). In the present
communication, we report the in silico investigation on structural,
functional and evolutionary inter relationships of ApDXS and its
interaction with MVA and MEP pathway proteins.

Cytosolic MVA pathway

Acetyl co-A
; Acetoacetyl thiolase (AACT)

Acetoacetyl co-A

' lHMG CoA synthase (HMGS)
¥

3-hydroxyl 3-methyl glutaryl Co-A
(HMG-CoA)

HMG CoA reductase (HMGR)

Mevalonic acid (MVA)

v MVA kinase (MVK)

5-phosphomevalonate
(MVP)

M VP kinase (PMK)
R4

5-diphospho mevalonate
(MVPP)

/,./ MVPP decarboxylase (PMD)

i
4

f

Isopentenyl
pyrophosphate

w

)
l GPP
FPP

Farnesyl pyrophosphate

Dimethylallyl
pyrophosphate
(DMAPP)

2-diphosphocytidyl 2-C-methyl D-erythritol 2-phosphate

Plastidial MEP pathway

Pyruvate + glyceraldehyde 3-phosphate
ITETPPTTPETIE | DXP synthase (DXS)*
hd

1-deoxy D- xylulose 5-phosphate
(DXP)

e DXP reductoisomerase (DXR)
2-C-methyl D- erythritol 4-phosphate
(MEP)
HMEP- cytidylirasferase (CMS)
4-diphosphocytidyl 2-C-methyl D- erythritol
(CDP-Me)

FCDP- Me kinase(CMK)

§

(CDP-Me2P)

2-C-methyl D-erythritol 2, 4-cyclodiphosphate
(MECDP)

1-hydroxy 2-methyl 2-(E)-butenyl 4-diphosphate

(HMBDP)
A
Dimethylallyl Isopenteny!l
pyrophosphates ¥ Diphosphate
(DMAPP) (ID1) (IDP)

Geranyl pyrophosphate ’

‘ Geranyl-geranyl pyrophosphate

Monoterpenes

(FPP)
(GPP) 1 (GGPP)
l Sesquiterpenes l £
A

Diterpenes
Andrographolide

Figure 1: MVA/MEP pathways for diterpene lactone andrographolide biosynthesis.



2. Materials and Methods
2.1 Calculation of physico-chemical properties of ApDXS

Protein sequence was collected from NCBI (Accession Number:
AAP14353.1) in FASTA format which is of 691 amino acid long.
Amino acid composition was anticipated by Predict protein open
tool (Rost et al., 2004). Protein molecular weight and isoelectric
point were calculated using ExPASy ProtParam (Colovos and Yeates,
1993), compute plI/MW (Bjellgvist et al., 1993, 1994; Gasteiger et
al., 2004) and JvirGel (Hiller et al., 2006) tools. Hydropathy plots
were plotted using Kyte-Doolittle method (Kyte and Doolittle,
1982) and histograms of physico-chemical properties were analysed
through EMBOSS Peplnfo tool (Eisenberg et al., 1982; Kyte et al.,
1982; Sweet et al., 1983).

2.2 Elucidation of secondary structure, sub-cellular location
and signal peptide

PHD secondary structure prediction method was followed for the
secondary structure elucidation of ApDXS protein as per Roast and
Sandor, 1983. ChloroP, MitoP, SignalP, TargetP (Emanuelsson
etal., 2007), iPSORT (Bannai et al., 2001, 2002) and PrediSi (Hiller
et al., 2004) were used to find out the sub cellular location and
signal peptide sequence of ApDXS.

2.3 Motifs and domain analysis in ApDXS

The prediction of trans-membrane helices and presence of surface
globular proteins was carried out using, trans-membrane topology
prediction server, Hidden Markov Model Topology of Proteins
(HMMTOP) as per Tusnady and Simon (2001). The Tied Mixture
Hidden Markov Model (TMHMM), and “Dense Alignment Surface”
(DAS) algorithm based trans-membrane (DAS-TM) filter servers
were also used (Cserzo et al., 1997). The presence of trans-
membrane beta barrel was envisaged using Prediction of Trans-
membrane Beta Barrel (PRED-TMBB) following the tool as reported
by Bagos et al., 2004a, 2004b. Prediction of domains was carried
out by Interpro and loop-length-dependent support vector machine
(DLP-SVM) tool as per Ebina et al., 2009 and Finn et al., 2017.
Motif analysis was carried out using Pfam tool (Finn et al., 2016).

2.4 3D structural modelling and its validation

3D structural model of Apbxs was predicted using Phyre2 tool
(Kelley et al., 2015) and validated with SAVES-PROCHECK
(Laskowski et al., 1993). Ligand binding sites were predicted using
3DLigandSite tool (Wass et al., 2010). 3D model generated by Phyre2
in PDB format was used as template for finding the ligand clusters.

2.5 Evolutionary relationships of ApDXS with other organisms

ApDXS sequence was subjected to different blast analyses (blatsp,
PSI blast and blast PDB) against non-redundant protein sequences,
model organisms and uni-protks/swiss-protein sequences (Altschul
et al., 1997). Total 38 sequences were selected for phylogenetic
tree construction including model plants like Arabidopsis thaliana
and Oryza sativa, model organisms Homo sapiens, Escherichia
coli, Drosophila melanogaster and Mus musculus. Plants showing
more than 80% identity were selected (except H. sapiens, E. coli,
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D. melanogaster and M. musculus) and used for the construction of
phylogenetic tree. All positions containing gaps and missing data
were eliminated. Total of 568 positions were present in the final
dataset. Molecular evolutionary genetics analysis (MEGA) was
conducted by maximum likelihood method using MEGA?7 software
(Kumar et al., 2016).

2.6 Search tool for the retrieval of interacting genes/protein
(STRING) analysis

Protein-protein interactions (pp1) was predicted by using STRING10
tool (Szklarczyk et al., 2014). A. thaliana was taken as template (as
ApDXS was showing 85% identity with query cover 95%).
Parameters were changed to specifically identify interaction with
MEP and MVA pathway related proteins. Coexpression analysis of
ApDXS with other interacting proteins was performed using
Arabidopsis and other organisms as templates.

3. Results and Discussion
3.1 Elucidation of physico-chemical properties of ApDXS

ApDXS protein has a theoretical molecular weight (74489.81D)
with an isoelectric point of 6.5. The amino acid composition in
primary structure and percentages of amino acids are depicted in
Figures 2, 3 and Table 1. From the hydropathy plots, it was found
that ApDXS was not having any trans-membrane region as no peaks
were observed with scores greater than 1.8 as shown in the
hydropathy plot of reading window 19 (Figure 8A). In the reading
window 9, there were no strong peaks with negative score indicating
that no presence of surface globular proteins (Figure 8B).
Biochemical properties such as aromaticity, aliphatic nature,
negatively and positively charged amino acids were also observed
(Figure 9).
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Figure 2: Amino acid composition of ApDXS protein
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Figure 3: Frequency of amino acids in ApDXS protein
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Table 1: Percentage of amino acids

in the ApDXS protein sequence

| BA: I I S| L vl T |
| % of RA: Tl 1 ) o | 9.7 | 9.6 | 6.5 | 5.9 |
| AA: | | | 2| E B
| % of BA: | B 5.4 | 5.4 | Lt o | |
| RA: | | E | Q |1 | ¥
| 3 of BA: | 8| 4.6 | 5] 350 3.2 |
| RA: | H | | Mo C: o
| % of RA: I B | =il | 259 | BT | |

*result obtained from PHD secondary structure prediction analysis
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Figure 8: Hydropathy plot of ApDXS (Picture A: window 19, Picture
B: window 9)

The window position values shown on the X-axis of the graph
reflect the average hydropathy of the entire window, with the
corresponding amino acid as the middle element of that window.
Notice that the horizontal axis is scaled to include only those amino
acids for which a windowed hydropathy score is computed
(Figure 9).
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Figure 9: Hydropathy plot of ApDXS

3.2 Characterization of secondary structure, sub-cellular
location and signal peptide

Secondary structure predictions revealed the secondary structure
of ApDXS consists of 12% turns, 38% helix, 47% coil and 13%
extended strands as shown in the pie diagram (Figure 4, 5 and 6).
Residues with a scale reliability index of prediction of 5 and over
(uppercase letters) are predicted at better than 82%. The percentage
of amino acids buried inside the helices is more than 50% whereas
30% amino acids were exposed to outside. Around 10% amino
acids of protein were calculated as intermediate by predict protein
tool (Figure 7).

Subcellular localization findings by different tools indicated, ApDXS
was located in chloroplast. No signal peptide sequence was found
in ApDXS though it is encoded by nuclear genome (Perello et al.,
2016). Prediction of protein revealed that ApDXS was located in
the stroma of chloroplast which is correlated to previous findings
in Arabidopsis (Hsieh et al., 2008; Zybailov et al., 2008; Joyard et
al., 2009; Pulido et al., 2012). ApDXS was predicted as non-secretory
protein.

Turn

Figure 4: Pie diagram representing the secondary structure composi-
tion of ApDXS protein
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protein (Hh- Alpha helix; Ee- Extended strand; Cc- Random

coil).
it bl

AV LR & | B

8 108 208 300 488 568

Figure 6: Secondary structure of ApDXS

Figure 7: Protein accessibility prediction of ApDXS using PREDICT
PROTEIN tool

3.3 Motifs and domain analysis in ApDXS

ApDXS was identified as non-trans membrane protein. ApDXS
protein belongs to transketolase super family containing six motifs
such as N-terminal DXS synthase motif, C-terminal TPP binding
domain, transketolase thiamine diphosphate binding domain,
pyruvate-ferredoxin oxidoreductase domain Il, transketolase
pyrimidine binding domain and transketolase C-terminal domain
(Figure 10). Positions of the motifs were represented in the tabular
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form (Table 2). Pyrimidine binding pocket is a conserved domain
found in other organisms could be used as an important basis for
determining genetic relationships among species (Shi et al, 2016;
Goswami, 2017).
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Transketolase_N

Transket_pur

Figure 10: Motif analysis of ApDXS.

Table 2: Different motifs identified in the ApDXS protein and their

positions.

Motif Position Description
DXS_synthase_N 48-333  1-deoxy D-xylulose 5-phosphate synthase super family
Transket_pyr 371-531 Transketolase, pyrimidine binding domain

Transketolase_C 549-672 Transketolase, C terminal domain
TPP_enzyme_C 161-220  Thiamine pyrophosphate enzyme, C-terminal TPP binding domain
El dh 158-219  Dehydrogenase E1 component

Transketolase_N 180-223  Transketolase, thiamine diphosphate binding domain

3.4 3D structural modelling and its validation
3.4.1 3D structural modelling of ApDXS

3D model revealed N terminus of the protein started with Blue
ribbons and Red colour bands were C-terminus (Figure 11). Humans
and other microorganisms use exclusively MVA pathway for the
synthesis of isoprenoids whereas plants relay on MEP pathway.
This makes the enzymes of MEP pathway, with particular reference
to DXS as attractive drug targets for developing anti-infective and
herbicidal models (Masini et al., 2015). However, the intermediates
of the MEP pathway are phosphorylated which makes designing
of drugs is a challenging task (Sanders et al., 2017). Finding the
ligand binding sites of these enzymes will be helpful in
understanding drug-target relationships as reported earlier by Masini
et al.,, 2014. The present work in A. paniculata brings about first
structural insight into the DXS protein and forms the basis for
designing future drugs.

Figure 11: 3D structure of ApDXS
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3.4.2 Validation of 3D structure

3D analysis showed 96.32 % of the residues had an averaged 3D-1D
score >= 0.2, and indicated the quality of the predicted 3D model of
ApDXS was structurally reliable. Amino acids up to 85% were
observed in the most favoured regions in Ramachandran plot (Figure
12). Only 1% of amino acids were found in disallowed regions.
Overall G-factor was observed as zero which indicated that the
structure was not out-of-the-ordinary and not unusual. Only 4
amino acids (Arg 521, 559, Val 115, Leu 228 and Thr 83) were
observed in disallowed regions of Ramachandran plot (Figure 12).
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Figure 12: Ramachandran plot of ApDXS 3D structure. The most
favored regions are colored red, additional allowed,
generously allowed and disallowed regions are indicated
as yellow, light yellow and white fields, respectively

3.4.3 Ligand binding

Confidence data from search of structural library was observed
with Mammoth 32.9 (Max.-56 and Min.-24.84) when submitted
for Ligand binding site prediction (Figure 13). Possible heterogens
observed were non-metallic TPP and metallic Mg+2 binding sites
(Figure 14 and 15). The active site information and super imposed
ligands in the ligand binding site was depicted in Figure 16,
respectively. This present finding has given more insights on the
ligand binding interactions to design drugs in credence with the
observations earlier (Saggu et al., 2016; Naz et al., 2017; Goswami,
2017).

Figure 13: Ligand binding site predicted in ApDXS

Figure 16: Metallic and non-metallic heterogens bound in the ligand
binding pocket of ApDXS

3.5 Evolutionary relationship of ApDXS

ApDXS was shown close relationship with the common ancestor of
the plants, Sesamum indicum and Phlomis umbrosa under same
order Lamiales (Figure 17). ApDXS was neighbouring kin with



Lamiaceae and Pedaliaceae. Apart from Lamiaceae and Pedaliaceae
was found near to Solanaceae family members, namely; Withania
sominfera, Solanum tuberosum, Solanum lycopersicum, Osmanthus
fragrans and Capsicum annum with boot strap value 0.11. The
present finding on closely related plants to A. paniculata would be
beneficial in primer designing, isolation of genes and study associated
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with regulation of biosynthetic pathways (Jia et al., 2016). The
evolutionary identity of ApDXS with the related plants will help in
isolation of DXS gene in A. paniculata. DXS gene have also been
cloned and characterized in plants such as S. lycopersicum,
Catharanthus roseus, Ginkgo biloba and Aquilaria sinensis (Chahed
et al., 2000; Lois et al., 2000; Gong et al., 2006; Xu et al., 2014).
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Figure 17: Phylogenetic tree of ApDXS with other DXS proteins amongst the plants, microorganism and other animals.
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3.6 Interaction of genes/proteins

ApDXS protein (otherwise called CLAL protein in Arabidopsis)
was shown interactions with proteins such as HDR, DXR, HDS,
CDPMEK involved in MEP pathway. ApDXS was also observed to
interact with MVA pathway protein HMGS and downstream proteins
of terpenoid pathway such as IPP1, GPS1 (Figure 18). The finding
on protein interactions such as stable physical interactions (direct),
functional associating protein interactions, transient binding
interactions and information based interactions (indirect) will help
in deciphering the function of proteins. The interaction with other
pathway proteins (DXS with HMGS) will be an interesting
association to study the cross talk between MEP and MVA pathways
(Hemmerlin et al., 2003; Laule et al., 2003; Rodriguez-Concepcion
et al., 2004). The association of ApDXS with downstream proteins
will give more insights into the biosynthetic pathway of
andrographolide.

CDPHEKSS

Figure 18: Protein interactions of ApDXS with other pathway related
proteins using search tool for the retrieval of interacting
genes / protein (STRING) analysis.

In Arabidopsis DXS was shown co expression with other MEP
proteins such as HDR, CDPMEK, HDS and DXR but not with HMGS,
IPP1 and GPS1. Co expression analysis of DXS with other proteins
is depicted in the Figure 19. Oryza sativa and other organisms such
as E. coli, Mycobacterium tuberculosis, Salmonella enteric,
Chlamydomonas reinhardtii, Pseudomonas aeruginosa, Populus
trichocarpa, Plasmodium falciparum DXS protein has shown low
level of co expression with IPP1 and ISPD proteins. The co
expression studies will be useful for studying the differential
expression of proteins and gene regulation in biosynthetic pathway
of andrographolide.
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Figure 19: Co expression of DXS protein with other interacting

proteins in Arabidopsis and other organisms.

4. Conclusion

ApDXS plays a key regulatory role in andrographolide biosynthesis.
As there is very less information available about the ApDXS protein,
the present in silico structural analysis will help in isolation and
purification of protein. A reliable 3D model of ApDXS was
successfully predicted in silico. The predicted 3D model can be
used for the drug designing and enzyme inhibition studies in the
biosynthetic pathway. The structural information can also be used
to study the ligand/regulator binding interactions to alter the role of
DXS in the MEP pathway. Evolutionary relations of ApDXS with
Lamiaceae family members will be valuable in primer designing for
the isolation of DXS gene and study the differential expression of
DXS upon elicitation for the enhanced production of
andrographolide. Further, interactions study between DXS with
HMGS and downstream proteins IPP1, GPS1 will give deep
understanding about the exchange of molecules between the two
pathways and regulation of metabolic flux.
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